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tontaminant wear is one of the critical factors in component
life and reliability. Therefore, the detection and analysis of
this wear is extremely important. In this study, it was determined
that ferrography is an effective tool for this detection and analysis.

A theoretical method was developed by which the behavior of
both magnetic and non-magnetic particles in the fluid stream on
the ferrogram can be predicted. This method indicates that very
few magnetic particles will not be deposited on the ferrogram.
This was verified experimentally.

Tests were conducted on gear pumps, a hydrostatic transmission,
and complete hydraulic systems to verify the effectiveness of
the ferrographic technique. These tests showed that changes in
the wear rate of a system or component could be readily detected by
the ferrograph.

The lack of standardization of ferrographic procedures is
delaying the acceptance of the ferrograph as a critical decision
making instrument. A very advanced draft procedure has been pre-
pared and is ready for consideration by the appropriate committee
of the Society of Automotive Engineer
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I. INTRODUCTION

The degrading effects of particulate contamination on the
components in fluid power systems have been a topic of discussion
in the fluid power world for years. Literally hundreds of papers
have been published extolling the virtues of fluid cleanliness
and dangers of fluid "uncleanliness". Conferences and symposia
have repeatedly provided a forum for debating the value of the
multitude of particle counting equipment, patch tests, sampling
procedure, etc. The type and locations of, and even the need for,
filters has sparked frequent heated debate. Throughout all of
this, the authors, speakers, and combatants, for the most part,
have considered particles only as particles and have paid con-
siderably less attention to their sources than to their presence.

Certainly there were some who were interested in identifying
the sources of contamination. Significant advances in this area
were made through the use of both optical and scanning electron
microscopy and spectrometric oil analysis programs (SOAP). These
methods, however, were primarily concerned with identifying the
materials present in a fluid sample. Under certain conditions,
a knowledge of the materials in the sample could lead a knowledgeable
investigator to the component which was the source of the particulate.
This, in fact, is the basis of the very successful SOA Programs
which are used to provide an early warning of an impending failure
of the rotating components in jet-engines.

While SOAP is concerned with the type of debris material,
and subsequently its source, it cannot provide any insight into
the mechanisms that generated the debris. The development of the
Ferrographic technique finally provided researchers the tool they
needed to examine the morphology of particles and conduct meaning-
ful studies into the mechanisms by which the particles were produced.
A natural evolution of the ferrographic concept will provide the
system operator or maintainer with the capability to accurately
predict impending component failures long before the situation be-
comes critical.

An obvious advantage is that potentially troublesome com-
ponents can be replaced at some convenient time rather than causing
costly unscheduled system downtime. While this is one of the major
benefits of SOAP, a recent Technical Memo published by the U.S.
Air Force on the results of an Air Force sponsored investigation
into the laboratory testing of aircraft actuators implied that
the ferrograph showed failure debris long before it was detectable
by SOAP (1]. This is not a wholly unexpected result. Although
there have been several attempts to apply the SOA Program to fluid
power systems, the results have never been encouraging. This stems, at
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least in part, from the inability of currently employed spectrum
analyzers to cope with particles larger than 2 um.

The Office of Naval Research recognized the potential ad-
vantages of the ferrograph very early in its development and has
provided contract funding for research and the development of the
ferrographic techniques by the Fluid Power Research Center (FPRC).

This report presents the results of the fourth year of
activity on the program.

6



II. TECHNICAL BACKGROUND

The previous phases of this study have dealt with the practical
applications of ferrography to fluid power systems.

The first two phases were investigations of the life improvements
of hydraulic components brought about by the removal of particulate
contamination entrained in the fluid of hydraulic systems. In this
investigation, two basic test mechanisms simulating mechaniw;-s common-
ly found in hydraulic systems. - a rotary device and a line, re-
ciprocating device - were constructed. These mechanisms were operated
using hydraulic fluid which was contaminated with known quantities of
AC Fine Test Dust. The resulting debris was analyzed ferrographically.

Several important results which were obtained from these tests
are listed here:

1. The wear debris generated from rotary mechanisms is de-
tectably different from that generated by linear reciprocating
mechanisms.

2. In rotary mechanisms, the particle size distribution is
very critical at high concentrations of contaminants.

3. In linear mechanisms, the greatest wear results from some
critical size distribution which is related to clearances within the
device rather than the concentration level.

4. Significant - and predictable - reductions in wear and
the resultant increases in component life can be achieved by re-
ducing both the level and the size distribution of the particles in
the system.

5. Changes in wear rates brought about by variations in the
concentration or distribution of contaminants in the fluid are readily
detectable ferrographically.

Subsequent work extended these basic mechanism wear tests to
hydraulic gear pumps. These tests showed that the results discussed
above could be extrapolated to include the gear pump and quite
possibly other similar hydraulic components.

During the gear pump testing, it was found that the wear
debris generation from very low contaminant concentrations were
detectable through the ferrographic density values. This has two
important implications. The first is that component contaminant
sansitivity testing could be conducted on a non-destructive basis.
The second is that a routine fluid sampling program should allow

7



the early detection of wear debris in operating systems and facilitate
preventive maintenance actions to preclude system failure.

Throughout these phases, the processes and procedures involved
in ferrographic analysis were constantly being evaluated and revised
to produce a repeatable and viable wear debris analysis method.

8



III. SCOPE OF EFFORT

This report covers the fourth phase of work under contract
number N00014-75-C-1157. This phase had as specific tasks the
standardization of the ferrographic procedure and the completion
of a comprehensive field test program to investigate the wear
debris generated within hydraulic systems in field service.

In an effort to promote an internationally accepted ferrographic
oil analysis procedure, the FPRC has established an active liaison
with the TTCP (Sub-Group P, Technical Panel 1, Active Group 4).
Significant progress has been made. A highly advanced draft procedure
is now available for presentation to the appropriate SAE sub-conmmittee
for advancement to the national standard stage.

When this project was proposed, it was the intention of all
involved to select an appropriate hydraulic system of interest
in Naval application to use for the field test program. Unfortunately,
this could not be accomplished. However, the FPRC was able to con-
duct some brief field tests on some non-Naval equipment. The re-
sults of those tests are presented herein.

9



IV. THEORETICAL ASSESSMENT OF THE FERROGRAPHIC PROCESS

Since the introduction of the ferrograph in 1974, numerous
questions have arisen concerning the particle dynamics and the
behavior of nonmagnetic particles in the fluid stream. During
the past year, the FPRC has expended considerable effort in pro-
ducing theoretical analyses to answer these questions. The results
of these analyses are presented in Appendices A, B, and C. By using
the mathemetical models developed in these papers, the behavior
of any given particle can be predicted.

One of the most significant points brought out by these
papers is that the probability of a magnetic particle's not being
deposited on the slide is extremely low. This has been verified
experimentally at the FPRC by collecting the fluid used to make
a ferrogram and using it to make a second ferrogram. This has
been accomplished numerous times, and no appreciable number of
magnetic particles has ever been found in the second ferrogram.

Appendix C discusses the behavior of non-magnetic particles
and their effect on densitometer readings. It concludes that these
particles can cause erroneous readings, especially when real-time
monitoring is used.

lOI



V. CONTAMINANT WEAR

One of the primary objectives of this contract phase was
to concentrate on the study of wear in complete hydraulic systems.
This was to have been done by selecting candidate hydraulic systems
(with guidance from the Navy sponsors) which would be operated
under various conditions. Fluid samples would be extracted on
a predetermined schedule and analyzed on both a particle size dis-
tribution and a ferrographic basis. Unfortunately, arrangements
could not be made for the program as originally planned. However,
to demonstrate the applicability of the ferrographic process to
hydraulic systems, the FPRC conducted test programs on several
non-Naval systems. The results of these programs are presented
here. Work on the assessment of contaminant wear in gear pumps
was completed during this phase. The results from that work are
also included in this section.

Gear Pumps

The pump is considered by fluid-power engineers to be the
heart of the hydraulic system. Therefore, forces and influences
that tend to degrade the performance of hydraulic pumps are of
great concern. A common occurrence that has a deleterious effect
upon a pump is the presence of particulate contamination entrained
in the fluid of the system. In the case of a pump, these particles
are forced into the critical leakage paths between mating surfaces,
which many times are in relative motion. Once these particles have
entered this area, wear will probably occur. Two events occur
as a result of this wear. First, the enlargement of the critical
leakage paths will cause a decrease in the output flow of the
pump. Second, the wear process will remove material from one or
both of the surfaces. This material will become wear debris en-
trained in the circulating fluid.

Previous efforts to study the influence of various particle
size distributions and contaminant concentrations have relied upon
flow degradation measurement alone. There were several reasons
for this dependency upon flow degradation data. A primary reason
is that flow is the only performance parameter of importance asso-
ciated with fixed-displacement pumps. Therefore, the use of flow
degradation is directly related to performance degradation, which
is the sole criterion in field applications. A second reason stems
from the problems in attaining any other wear-related measurement-
direct measurements of dimensional changes are impossible. In
addition, there was no proven method of measuring the wear debris
generation, and the weighing of entire pump parts was shown to be
fruitless.
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The use of flow degradation data to evaluate the contaminant
wear of a pump presented several problems. The most important
drawback was associated with contamination levels at which thetest pump was exposed to several particle size ranges. To obtain

a measureable flow degradation at the smaller particle size ranges,
a fairly high concentration was used. However, the use of such
a high contaminant level many times results in considerable pump
wear at the larger particle size ranges. Therefore, to obtain
the needed d3ta at small size ranges but not destroy the pump, a
more sensitive wear parameter was needed. One paramount requirement
of such a new parameter was that it must correlate with flow de-
gradation data at the higher contamination levels. This would
permit the use of standard interpretation techniques such as the
algorithm developed to calculate a contaminant tolerance profile [2]
and the nomograph to determine an Omega rating for the pump [3].

With the introduction of the Ferrographic Oil Analysis System
[4, 5, 6], evaluation of a wear process through an analysis of the
generated debris became a practical consideration. In fact, the
measurement of wear debris through Ferrographic techniques is much
more responsive to the severity of the wear process than flow
degradation and therefore may represent the key to pump contaminant
sensitivity testing at a reduced contamination level. Ferrographic
analysis can be used effectively for contaminant wear studies of
most fluid components. This is particularly important when a
single critical performance parameter is difficult to identify.
For example, in the case of hydraulic valves, several parameters
could be selected, where each is extremely critical in some given
application. However, using them all to assess contaminant wear
would be difficult, if not impossible.

This section presents the results of a study on the con-
taminant wear of pumps. The pumps were tested at various particle
size ranges and contaminant concentrations. In addition to the
flow data normally recorded during such testing, samples were ex-
tracted for Ferrographic analysis. The objective of the program
was to assess the capability of the Ferrographic technique not
only to produce useful data at contamination levels much lower
than the 300 mg/litre used in the Standard Contaminant Sensitivity
Test [7] but to correlate at various concentrations so that stan-
dard intrepretations methods could be employed. The results obtained
should significantly advance the understanding of pump contaminant
wear and will open the door to desirable improvements in contaminant
sensitivity testing.

Experimental Methods

To keep the initial investigations of Ferrographic analysis
of contaminant wear in hydraulic pumps to a manageable level, a

12



* typical gear-type, fixed-displacement pump was selected. To explore
the debris generation characteristics of these pumps, tests were
conducted over a broad range of contaminant concentrations and sizes.
The contaminant concentrations selected were 25, 150, and 300 mg/t.
Particle size ranges of 0-5, 0-10, 0-20, 0-30, 0-40, 0-50, 0-60, 0-70,
and 0-80 micrometres obtained by classification using air elutriation
from AC Fine Test Dust [8] were used in these pump tests.

Basically, the Standard Pump Contaminant Sensitivity Test [7)
was used for testing with the exception of the contaminant concen-
trations that were employed. All test pumps were subjected to a
break-in period based on rated conditions of 2500 rpm and 172 bars.
In the wear tests, the pumps were operated at gooo rpm and 138 bars.
The test temperature was held constant at 65.5 C. The initial
flow of the pump was accurately measured and then the pump was
exposed to the desired concentration of contaminant (25, 150, or
300 mg/litre) that had been classified to a particle size range
of 0-5 micrometres. The pump was operated at this entrained con-
tamination level until the flow remained constant for 10 min or
until a total of 30 min had elapsed. At this time, a fluid sample
was extracted from the system for Ferrographic analysis, and the
control or background filters were valved into the main system. The
filtering system was used for 10 min after which the filtering
subsystem was removed and the next particle size range was injected.
The procedure was repeated sequentially for 0-10, 0-20, 0-30, 0-40,
0-50, 0-60, 0-70, and 0-80 micrometre particle size ranges or until
the flow of the pump had decreased a total of 30% or more.

The samples extracted from the test system were analyzed
Ferrographically. During preliminary Ferrographic analysis
studies [9, 10] of samples from pump contaminant sensitivity tests,
the optical density at the 54-mm location was found to be the most
responsive to the wearing process accelerated by the entrained
contamination. Therefore, Ferrograms were made from each sample,
and the optical density was measured at the 54-mm position. This
value was then normalized to reflect the concentration of wear
debris in 1 mk of sample fluid. When a sample is only slightly
concentrated with debris, several millilitres of the fluid may be
utilized in preparing the Ferrogram. On the other hand, for heavily
laden samples, only a fraction of a millilitre is required. There-
fore, the normalization to a unit volume of sample fluid is necessary
for comparison purposes.

Flow Degradation Test Results

Because output flow after each contaminant exposure was
accurately measured during the testing program, the results could
be modeled both as a function of particle size range and concentration.
The flow readings were made using a turbine-type meter carefully

13



calibrated.

TABLE I. SUMMARY OF FLOW DEGRADATION DATA.

CONT. FLOW DEGRADATION AFTER INDICATED EXPOSURE, AO (Rpm)
LEVEL

(mg/Q) 0-5 0-10 0-20 0-30 0-40 0-50 0-60 0-70 0-80

25 ...-- -- 0.76 1.02 1.59 2.04 2.76

150 .. .. 0.83 2.61 5.34 7.34 10.94 13.40 16.12

300 .. .. 1.93 5.90 10.86 13.82 19.68 .. ..

The flow degradation data obtained in the various tests are summarized
in Table 1. The numbers within the table are total flow
change after the particular exposure. For example, after exposure
at 150 mg/t of 0-40 particle size range, the flow rate from the pump
was 5.34 ipm less than it was before any contaminant had been injected
into the system. The numbers represent total flow loss and not the
loss for the particular exposure under consideration.

TABLE II. SUMMARY OF EQUATIONS FOR FLOW DEGRADATION.

Cont. Level
(mg/) Equation

25 AQ = 6.81 x 10-4 D1"8 8

150 AQ = 4.54 x 10-3 D1-8 8

300 AQ = 9.46 x 10-3 D1"88

14



The flow degradation data shown in Table 1 can be reduced to
a functional relationship by a least-squares data-fit program, pro-
ducing the flow degradation equation, Table 2. The general relation-
ship that describes flow degradation as a function of the particle
size range is the classical power function. The variable represented
by D in the equations shown in Table 2 is the particle size range
where D is the upper limit of the range. For example, for a particle
size range of 0-20 micrometres, D would be 20.

Note that the coefficient of the power function is obviously
some function of the concentration. The general power function
used for the equations of Table 2 can be written:

t\= bDA (1)

where: AQ = total flow degradation, b = coefficient (some function
of concentration), X = exponent = 1.88, D = upptr limit of the particle
size range. A plot can be made to evaluate the coefficient, Fig. 1.
This figure illutstrates that the coefficient of the flow degradation
equation is an excellent linear function of the concentration, the
best-fit equation (least squares) for the function can be written:

b :3.2 x 15C (2)

where: C = contaminant concentration (mg/litre).

Thus, the complete equation describing the flow degradation data
requires that Eq. (1) and Eq. (2) be combined:

AQ= 3.2 x 10-5 C D0I'so (3)

Fig. 2 is a graphical illustration of Eq. (3) as well as
all of the data shown in Table 1. The flow degradation model as
represented by Eq. (3) is an excellent fit to the measured data.
However, to develop a function that relates Ferrographic density
to flow degradation, an equation similar to Eq. (3) must be de-
veloped for the Ferrographic data.

Ferrograhic Density Test Results

In conducting a contaminant sensitivity test, the pump is
subjected to the various particle size ranges of contaminant on a
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sequential basis. Therefore, the total wear of the pump is the
summation of the wear caused by each and every particle size range
that has been injected. After each exposure, the pump wear as
expressed by flow degradation is the result of not only the most
recent exposure but every preceding injection. For example, the
change in clearances of the pump after it has been exposed to, say,
0-20-micrometre particle size range is the sum of the increases
due to 0-5, 0-10, and 0-20. Because the flow degradation will be
a function of the total clearance change, the Ferrographic data
must be related in a similar manner to obtain a meaningful
correlation.

If the amount of wear debris generated during the test is
proportional to the increase in pump clearance, the Ferrographic
density must be summed over particle size range to be on the same
basis as the flow degradation. Furthermore, to obtain the most
accurate Ferrographic density data, various fluid volumes were
utilized, depending upon the debris concentration in the sample [10].
Therefore, the Ferrographic density values must be divided by the
volume used to be comparable. In this case, all Ferrographic data
have been normalized to 1 mt of sample fluid.

TABLE III. SUMMARY OF FERROGRAPHIC DENSITY DATA.

Cont. Ferrographic Density After Indicated Exposure, " D54/mR
Level 1

(mg/2) 0-5 0-10 0-20 0-30 0-40 0-50 060 070 0.80

150 8.40 19.00 47.67 77.17 118.34 141.17 174.47 201.30 236.63

300 19.20 42.75 87.00 152.40 218.40 304.65 378.82 -

The Ferrographic data obtained from these pump tests are
presented in Table 3, where the D54 density values have been
accumulated over particle size range and normalized to 1mk, as
indicated by E D54/mk. The data shown in Table 3 can be reduced
to a functional form in a manner similar to that used for flow

18



TABLE IV. SUMMARY OF EQUATIONS FOR FERROGRAPHIC DATA.

Cont. Level
(mg/0) Equation

25 .D54/ML = 0.25D1 "13

150 ED54/ML = 1.57D1 -13

300 Y2 D54/ML = 3.29D1 -1 3

degradation data. Preliminary efforts [11, 12] have indicated the
Ferrographic density is also best described by a power function.
The best-fit (least squares) equations for the Ferrographic data
are shown in Table 4. Here again, it is easy to see that the
coefficient of the power function that describes the Ferrographic
data is some function of the contaminant concentration.

Fig. 3 shows a plot of the coefficient from the power
function describing the Ferrographic data vs the contaminant con-
centration used. This coefficient is as good a linear function of
concentration as one would hope to find. The equation produced by
a least-squares curve fit to the data graphically illustrated in
Fig. 3 can be written:

a =.OIIC (4)

where: a = coefficient of the Ferrographic power function.

Substituting Eq. (4) into the equations given in Table 4 pro-
duces a single relationship for the Ferrographic data:

.D54/mi I O.011C 3  (5)

Fig. 4 is a graphical representation of Eq. (5) as well as all
of the data given in Table 3. As was the case with the flow de-
gradation model, the Ferrographic model given by Eq. (5) is an
excellent fit to the recorded data. Now that a model for both
flow degradation and Ferrographic density has been derived as a
function of both contaminant concentration and particle size
range, a relationship for flow degradation as a function of
Ferrographic density can be derived.

19



CORRELATION AQ vs ZD54/mi

Both Eq. (3) and Eq. (5) can be solved for particle size
range D:

= 1--.86(6)

3.2x10-C

-D54/mI 1/1.13 (7)
0.011 C

Then, these two equations, Eq. (6) and (7), can be equal:
1/1.66 1/1 .13

3.2 X 10-0C 0.011 C

Reducing Eq. (8) produces the following relationship:

0.Q 1 61C 0 6  D54/ 1 16 6  (9)

Eq. (9) is the correlation that will provide the breakthrough
necessary to conduct pump contaminant sensitivity tests at any
contaminant level but still refer the data back to a 300 mg/i base.
Fig. 5 graphically illustrated the functional relationship as given
by Eq. (9). In addition, the corresponding data from Tables 1
and 3 are shown to indicate the exactness of the model fit.

There has always been criticism of the pump contaminant
sensitivity test because of the relatively high concentration
required. Now, for the first time, a way has been found to reduce
the contamination level of the test without losing any of its
sensitivity.

Probably the greatest advantage that can be attained by
low concentration contaminant sensitivity testing of components,
lies in the greatly reduced destruction. In examining Table 1,
note that the test had to be stopped after 0-60 exposure when
300 mg/i was used: and, at that point, the leakage had increased
by 19.68 ipm. However, when using 150 mg/i, the total leakage
increase was only about 16 ipm after 0-80. Furthermore, when
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25 mg/t concentration was utilized, only about 3 tpm increase had
been observed after the 0-80 exposure. Almost seven tests through
0-80 cound be conducted on one pump at 25 mg/k to reach the same
total flow degradation at 0-60 in one test at 300 mg/i. Thus,
several tests could be conducted using one pump at the reduced
concentration.

Hydrostatic Transmission

The objective of this project was to evaluate a hydrostatic
transmission. In certain applications, the wear rate in this system
was apparently sufficient to cause premature failure. Examination
of the internal surfaces of a failed transmission revealed disastrous
wear at the cylinder block/backplate interface and the piston shoe/
swashplate area. Therefore, a plan of attack was devised in which
wear information and duty cycle data were collected while the vehicle
was operating in three different environments.

It was felt that the three test conditions would provide
data which could be used to assess the severity of the terrain,
the contamination levels of the transmission system, and the con-
centration of wear debris generated within the pump/motor system.
Two of these tests were conducted with the vehicle operating in
an actual field application. The difference between the two
test runs was that one was considered "level" terrain operation,
while the other was deemed to be "rough" terrain. The third test
was conducted on a test track.

Each of the three tests had a duration of ten hours. Fluid
samples were extracted every hour during each of the tests. These
samples were analyzed to obtain the contamination level through
the use of an automatic liquid particle counter calibrated per ISO
approved procedures. In addition, the saiiples were evaluated
Ferrographically to obtain wear data.

The operation of the unit during the track test is shown
in Fig. 6. According to this driving procedure, the vehicle makes
two 540 0turns - one to the left and one to the right. In addition,
four 180 turns ars executed - two left and two right. Finally,
there are eight 90 turns - four left and four right. The terrain
is level, and the surface is hard-packed gravel.

Ferrographic Results

The results of the Ferrographic analyses performed on samples
extracted from the case drain of the pump which supplies oil to the
right-wheel motor are given in Fig. 7, while that for the left-wheel
drive pump is shown in Fig. 8. The numerical data are tabulated in
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Appendix D. Both of the figures illustrate the graphical relation-
ship between the Ferrographic density at the 54mm position on the
Ferrogram and the test time when the samples were taken.

In general, it must be concluded that the wear in the trans-
mission while operating in rough-terrain is only slightly higher
than observed during level terrain operation. On the other hand,
the amount of wear debris entrained in the case-drain oil was
significantly higher during the track test than either rough or
level operation. The density at 54 mm was chosen for this in-
terpretation because other tests have shown that this value correlates
well with the actual wear process. It is felt that the rapid in-
crease in density reading during the track test after about eight
hours is indicative of an imminent failure, probably in the left-
wheel drive system.

The system was such that the leakage oil from the left pump
actually flows into the right pump case and is relieved from there.
This means that the wear debris from either system will be entrained
in the case drain oil taken from the right-wheel drive pump. There-
fore, the wear debris observed from the right pump should be higher
than that from the left pump. In reviewing the data shown in the
figures, it can be seen that the debris measurements from case drain
oil of the right pump are not significantly different from those
of the left pump. This could mean that most of the wear debris
is generated from the left drive system or that the fluid communication
obscures the differences between the two systems.

The results of the tests presented in this report reveal
very little difference between what was termed level - and rough-
terrain operation. The duty cycles are not significantly different,
nor is the wear rate significantly higher in one than the other.
The Ferrographic density values were slightly hiyher in the rough-
terrain operation, but the difference was not of a sufficient mag-
nitude to be impressive.

The closed-loop pressures during the test track operation
were considerably different than those for field operation. The
maximum pressure observed was very high indicating the severity
of the turns. However, the system pressure level was below 500 psi
for a large percentage of time, indicating the level, hard-packed
characteristic of the track. The case drain temperature during
the track test showed that some very high temperatures were en-
countered. Depending upon the characteristics of the hydraulic
oil, these high temperatures could account for the increase in
wear rate observed during track testing.

The particle count data revealed excellent control of the
contamination level. The system filter was able to clean up the
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system rapidly following the oil chanqe and the system failure.

The magnitude of the particle counts after the component failure
was quite high. It would probably be good practice to initiate
a system cleanup following any failure and subsequent to actually
placing the system in service.

Overall, it is felt that the data acquired during these
tests are excellent. They reveal the duty cycle which can be ex-
pected when operating the transmission in field service and provide
a comparison of that duty and the test track operation. In general,
the wear rates are useful from a comparative standpoint. That is,
little data are available on actual wear debris concentrations
from hydrostatic transmissions. However, the values of density
measured can be compared between types of operation and on a trend
basis to indicate potential failures. For example, the rapid
increase in debris concentration after eight hours of track operation
definitely indicates a disastrous change in the wear rates. This
can be observed from trend analysis.

Other Setected Sytsems

Evaluations were conducted on five different selected systems,
which included two complete vehicle systems, one steering system,
one auxillary hydraulic functions system, and one transmission
lubrication system. Each will be discussed individually, with the
findings and conclusions from all five studies resummarized at the
end.

System One - Complete Vehicle Hydraulic System

System One involved analysis of a complete agricultural
tractor hydraulic system. Such functions as power assisted steer-
ing, transmission cooling and lubrication, and hydraulic lift assist
are included, as well as numerous other auxillary hydraulic sub-
systems inherent to the particular vehicle design. Oil samples
were taken just upstream of the main filter to allow collection of
wear debris generated throughout the system. The sampling period
for this vehicle encompassed approximately the first 1000 operating
hours after assembly completion. Thus, close data inspection should
also indicate field break-in characteristics of the vehicle.

Figure 9 indicates the Ferrographic D54 density values.
Most obvious in Fig. 9 is the extremely high initial density reading.
Initial vehicle shake down was conducted prior to this reading,
and would account for the high results. Many normal rubbing wear
particles (1-10 um in size) and severe wear particles (approximately
20 um) were present in this Ferrogram. However, with a filter
replacement made prior to the second sample, the magnitude of the
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density value recorded dropped substantially.

The second pronounced peak in density readings occurs at
approximately 700 hours. This sample was recorded during a sub-
stantial increase in vehicle loading, with approximately 50% of
the operating hours between 600 and 700 hours occurring at 100%
load and the remaining 50% at 70 to 80% vehicle load. Again,
heavy amounts of severe wear particles are present in the Ferrogram.
However, numerous metallic spheres were also recorded throughout
with the majority near the exit end (indicating very small and/or
high alloy material). The combination of severe wear and spherical
particles is indicative of fatigue cracks located in rollingbearings,
and in this case, most likely made of a high alloy material.

Investigation into the type of debris present throughout
the evaluation period indicates several system changes. Evidence
of oxidation through the presence of black and orange colored
particles, and surface heating were evident generally after 500
hours. At approximately 800 hours,fibrous particles began appear-
ing on the Ferrograms. The presence of corrosion or oil breakdown
due to heat is again evident at 950 hours, with increasing severity
noted at the final sampling (approx. 1020 hours).

In an overall assessment of the hydraulic system state,
the Ferrographic analysis indicates the degradation of some com-
ponent part consisting of a fibrous material in contact with
ferrous particles, possibly brake or clutch disk facings. Secondly,
the presence of an increasing number of tempered, oxidized, and
corroded particles in the last three samples could possibly be
identifying a breakdown of the hydraulic oil, and more specifically
the additive package for that particular oil specification. Finally,
the application of heavy system loading (80-100%) generates large
amounts of spherical severe wear particles identifying the presence
of fatigue cracks in rolling bearing surfaces. Recommendations
for system maintenance would include replacement of system fluid
and filter, and inspection of clutch or brake disk facings.

System Two - Complete Vehicle Hydraulic System

Vehicle System Two again involves the evaluation of an
agricultural tractor hydraulic system. As in System One, all on-
board hydraulic functions as well as any remote connect systems
were analyzed by samples taken just upstream of the main filter.
The time period for sampling encompassed 500 hours, with the first
sample taken approximately 50 hours after initial vehicle shakedown.

Fig. 10 is the Ferrographic D54 density reading for each
sample. Much in evidence is the extremely high density readings
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obtained for this vehicle.

As in System One, high initial D54 density readings were
measured during the first 100 hours of operation. Again this would
seem to show the effects of vehicle break-in during initial operation
at typical field contaminant ingression levels. Fig. 11 indicates
the per cent of total operating time at 60, 70, and 90 per cent
vehicle load. These curves indicate that approximately 90% of
the total operating time (after 200 hours) occurred between 60
to 70 per cent of full vehicle loading. In relation to D54 read-
ings, a dramatic increase in wear debris at this time is also ob-
served. Particle inspection indicated moderate to heavy amounts
of fatigue chunks present (typical gear surface fatigue). Thus,
the gears used for 60 to 70 per cent vehicle loading during field
operation most likely are the source of the wear debris generation.

A fibrous material of some sort begins appearing after
approximately 200 hours. The increasing frequency and magnitude
of these as operation continues would seem to indicate a growing
ineffectiveness of the system filter element.

A general assessment of the internal system state indicates
an impending failure. The areas of concern would be in the trans-
mission for the gearing that supplies the 60 to 70 per cent power
range. Also, any fiber containing components (clutch and/or brake
disks) are suspect to failure. It is also recommended that the
system filter and oil be replaced as soon as possible.

System Three - Hydraulic Steering System

The third system to be analyzed limits its size to include
just the hydraulic steering sub-system of a field test vehicle.
This system is independent of the hydraulic functions provided
on the vehicle, therefore allowing the hydraulic fluid to possess
the characteristics of only the wear debris generated and contaminant
ingressed into the steering system itself. Samples again were
removed just upstream of the filter element and taken over a period
of approximately 1000 hours. The initial reading was recorded
at 300 hours.

Fig. 12 shows the D54 density readinqs obtained from this
system. Since no vehicle load history was available, only correlation
to servicing and noted failures will be possible. First, the ex-
tremely low density readings are justified by the high safety and
reliability factors involved in a steering system. Therefore, minor
density increases (1 to 2 units per ml) in this system could mean
impending failure. This fact is illustrated by the rise and peak
between 400 and 500 hours. A failure was recorded at approximately
500 hours, and with component(s) replacement and system clean-up
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(filter and oil change) the readings declined. Particle analysis
prior to this failure indicated the presence of fairly high alloy
metal wear particles in moderate amounts. Also observed were crystals
(silica possibly) of all sizes and colors, again in moderate amounts.

The second prominent peak at 800 hours was characterized by
heavy amounts of laminar particles and spheres, with some approxi-
mately 20-25 micrometres in size. This suggests possible bearing
fatigue beginning within the system. Indications of some sur-
face heating due to the presence of iridescent particle coloring
were also noted throughout the period.

Observed throughout the entire monitoring period was the
presence of web-like or jelly-like substarces within the samples.
This is a possible indication of a breakdown in the hydraulic
fluid additive package or the presence of water within the system
thus affecting a barium additive.

Assessment of System Three suggests the wearing rate to
be leveling off as indicated in the density readings after 1000
hours (Fig. 12). Points of possible concern are parts with high
alloy metals and the problems associated with breakdown in the
oil additive package. Recommendations are for replacement of the
hydraulic fluid and improvement of the contaminant ingression level
(check system sealing).

System Four - Transmission Lubrication System

The fourth system analysis was conducted on a vehicle trans-
mission lubrication system. As with the hydraulic steering system,
this lubrication system is also independent of the other hydraulic
functions present on the vehicle, thus allowing isolation on the
wear debris generated by the transmission and related lubrication
circuit. The evaluation period ran from 300 to 1350 hours, with
samples drawn approximately every 50 hours just upstream of the
filter.

Fig. 13 indicates the D54 density data recorded during
the evaluation. Again, no vehicle load history is available.
Therefore, discussion of the wear generation will be centered
around the type of particles present. The pronounced drop of D54
density values after 500 hours is due primarily to a filter re-
placement and oil change at this time. Prior to 500 hours, initial
exposure to field ingression produced a "field break-in" period
which resulted in initially high wear rates. The filter and oil
replacement removed most of this debris, allowing the system to
operate at a "normal" wear level as indicated after approximately
600 hours.
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The type of wear observed indicates a heavy amount of severe
wear particles (due to rubbing) throughout the entire sampling
period. These particles are ferrous in nature and appear both
with striations and pitting. Early samples (before 700 hours)
show the presence of a non-ferrous material, possibly aluminum.
However, the frequency decreases after 700 hours. Similar to
the steering system, a web-like or jelly-like substance is present
in readings after 600 hours. The magnitude of this material varies,
but is consistently observed.

Evaluation of the wearing condition in this transmission
lubrication system would seem to identify a normal wear mode en-
countered by vehicle transmission. The relatively constant D54
density readings around two units per millilitre, as well as the
presence of the same type and magnitude of particles throughout
the sampling period, verify this. Abnormal rises in future samples
would warrant inspection of transmission components. It is suggested
that an analysis of the web-like substance in these samples be con-
ducted. A decrease in filter life due to this material is quite
possible, as well as its effect on wear rates if this is a break-
down in a wear additive.

System Five - Auxillary Hydraulics System

The final system to be analyzed involves the auxillary
hydraulic functions available on a field operated agricultural
tractor. Again separated from the other vehicle hydraulic functions,
the samples taken for this analysis reflect the wear debris gen-
erated throughout these functions as well as the pumps supplying
the power. The initial sample was taken at 300 hours, with periodic
sampling conducted for the next 1000 hours.

Fig. 14 illustrates the recorded D54 density data for the
testing period monitored. As has been typical of each system so
far, the range of density magnitudes for this system is different
from the other system levels. Thus, comparison of different
hydraulic systems in relation to their wear status is generally
difficult to obtain. The indicated extreme density readings re-
corded after 600 hours are somewhat misrepresented. Large amounts
of the same web-like (jelly-like) substance, which were also
present in Systems Three and Four, are located throughout these
Ferrograms And are significantly altering the measured density
readings. However, through visual analysis of the debris present,
a moderate increase from the early readings (before 600 hours)
is evidenced, approximately to the extent shown by the dashed line
in Fig. 14.

The effect of this webbed substance on filter efficiency
is most pronounced by the high recorded D54 density readings as

38



SYSTEM NO. 5

30.0-

21.0-

cr20.0-

ESTIMATED DENSITY VALUES

10.01'l

5.0

000 260 460 66 so lamo 1bO 1 i0

HOUR METER READINGS

IG'. 14 DS4 DENSITY VS. OPERATING, TIME FOR SYSTB- 05 - AUXILLAPy

IHYDflAUL.IC SYSTEI

39



well as the particle counts. A replacement element was installed
at approximately 900 hours, and the resulting system clean-up is
shown in Fig. 14. Suspecting this substance is due to a break-
down in the oil additive package, its affect on lubrication within
the system is also observed by the presence of corrosive particles
(mostly rust) and extreme surface heat which were present through-
out the sampling period.

The main type of wear debris monitored during system operation
indicates periodically heavy amounts of severe wear particles
present. However, except for a short period of moderate amounts
of laminar particles (indicating wear in rolling bearing devices),
this seems to be a normal operating condition for the system.

The observed internal state for System Five definitely in-
dicates the need for a complete oil and filter change. Due to
the repetitive nature of the suspected additive breakdown in three
evaluated systems, it is recommended that this oil be analyzed
for the true nature of the webbed substance. The presence of severe
surface heating and rust particles are most likely due to to the
failure of the oil to adequately protect the system. However,
an inspection for possible pump scoring and system exposure to
water is suggested.

Summary of System Findings

System One - Complete Vehicle System

The presence of fibrous material in these samples indicate
a possible breakdown of brake or clutch disk facings. Also ob-
served were a number of tempered, oxidized, and corroded particles
in the final three samples, suggesting a breakdown of the oil
lubricating characteristics. And finally, the presence of larqe
amounts of spherical severe wear particles during system loading
at approximately 80 to 100% suggests fatigue cracks generating
in rolling bearing surfaces. System evaluation suggests re-
placement of system oil and the filter element be made, with vehicle
brake or clutch disks cited as possible source of impending failure.

System Two - Complete Vehicle System

The presence of fatigue chunks in large amounts occurring
during operation at 60 to 70 per cent of vehicle loading suggests
possible failure of gearing for that operating range. As in the
previous system, the fibers present warrant an inspection of clutch
and/or brake disks. Recommendations include system clean-up through
oil and filter replacement as soon as possible.
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System Three - Hydraulic Steering System

Assessment of system indicates a generally constant wear
condition after an initial failure. Some presence of high alloy
metal wear was observed, as well as problems associated with a
possible breakdown in the oil additive package. It is suggested
that the oil be removed, replaced, and analyzed. An improvement
of the contaminant ingression level is also recommended by checking
for possible system sealing problems.

System Four - Transmission Lubrication System

Evaluation of this system indicates a relatively constant
wearing process at a fairly low density magnitude. At present,
no immediate failures are indicated. However, if dramatic density
increases are indicated, the probable cause would most likely be
the transmission gearing due to earlier evidence of severe rubbing
wear particles with striations and pitting. Indicated web-like
substance (possible oil additive package breakdown) in samples
warrants an analysis of this oil for causes. A possible decrease
in filter efficiency may also be occurring due to clogging by
this substance. Both oil and filter element replacement are
desirable.

System Five - Auxillary Hydraulic System

The presence of the web-like sutstance in large amounts
is the dominant characteristic. The suspected additive package
breakdown accelerated the amount of severe surface heating and
rust particles observed in the system due to the loss of adequate
system lubrication. It is suggested that possible pump scoring
has occurred. Inspection is also recommended for possible points
of system exposure to moisture. Again, recommendation for a complete
oil and filter element replacement and implementation of an analysis
of the oil breakdown is suggested.

Con' u8ions

The five system evaluations have very clearly indicated
the capabilities available through Ferrographic Analysis Techniques.
In addition to identifying the magnitude and type of wear debris
generation occurring, correlation with system operation data (load
history, service records, and system description) allowed isolation
of the possible source(s) and cause of wear without visual inspection
of the entire system assembly.

It has also been shown that the Ferrograph has the ability to
record the presence of non-metallic particles (fibrous material)
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and breakdowns in hydraulic fluids (or fluid additive packages)
which may occur during system operation. While these conditions may
not be directly related to system wear, they do signify abnormal
operation of some component or aspect of the system. Identification
of their cause and source may prove to be just as valuable in the
prevention of system failure due to non-wear sources.

The results have indicated that direct system analysis is
possible and feasible for in-field evaluations. As the Ferrographic
potential is realized, the possibility of manufacturer installed
system sampling ports and scheduled vehicle oil sampling and analysis
may become a standard maintenance procedure for future hydraulic
power systems.
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SYSTEM CONTAMINATION CONTROL CONCEPTS

From the preceding sections, the severe component degradation
which results from the presence of particulate contamination is
obvious. The implication, therefore, is that control of the par-
ticulate contamination - and subsequently the control of wear debris
production - provides a simple solution to the problem of contamination
initiated premature component or system failures. This seemingly
simple solution seems to become rather complex, however, when the
interaction of the contaminants, the components, and the system
parameters are considered.

Contamination Control Balance

Figure 15 is a pictorial presentation of the interactions
mentioned in the preceding paragraphs. The concept presented in
the figure is based on the premise that the primary reason for the
interest in contamination control is to increase the contamination
service life of a component or system. A natural result of increased
service life is increased reliability and availability and, perhaps,
some maintainability advantages. These factors are depicted simply
as hours in the middle of the figure.

The contaminant service life is ultimately dependent on
just two factors. The first of these is the system contaminant
level. The contaminant level, in turn, is a function of the system
filtration. Obviously, higher filtration ratios (o) and flow rates (Q)
are conducive to better filtration and lower contaminant levels,
while higher rates of ingression of particles (Ri) have a detrimental
effect on those levels.

The second factor affecting the contamination service life
is the contaminant tolerance of the component (w). Intuitively,
it can be said that w is a function of the wear resistance (WR)
designed into the component by judicious use of materials and con-
figurations. This can be demonstrated readily by standard contamination
tolerance of components in general. These two elements, coupled with
the system operating parameters of pressure (P), temperature (T), and
speed (N), are the principal determining factors of w.

It is now possible to demonstrate very simply from Fig. 15
that higher flow rates, better filtration ratios, better fluid
lubricity, and more wear resistant materials combined with better
methods for preventing the ingression of contaminants and less
severe operating conditions will automatically result in increased
component service life.
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Debrie Concetration in Terms of Wear Rate

There are three sources of particulate matter in most fluid
systems. Contaminant particles can be ingested by the system from
the external environment, such as through seals and breathers. In
addition, even with extreme care, manufacturing residue can be
left in the system during fabrication. Finally, the wear of com-
ponents will introduce particles into the system - normally called
generated contamiant.

Because a constant contamination addition from one or all
of these sources would cause a progressively increasing contamination
level, a filter is used in a hydraulic system to control the particle
concentration. Therefore, the system filter is a controller, just
as a relief valve is a pressure controller. The amount of con-
taminant present in a hydraulic system is a function of the material
being introduced and the material being removed.

By assuming that the only particles being added to a fluid
system are produced by wear, a mathematical relationship can be
derived for the concentration of wear debris. Such an analytical
expression is based upon a fundamental material balance (11, 12].
On an idealistic basis, such a balance could be written.

GM(t)V= G V +fg .dt-fgR dt (10)

where: G (t) = debris concentration at any time, t, upstream of
the filtei (mg/litre). V = system volume, G = initial debris
concentration, (mg/litre), gw = wear rate (mgmin), and gR = debris
removal rate (mg/min).

Eq. (10) can be simplified, however, because the debris
removal rate is a function of the efficiency of the filter.
Therefore:

gas (GO(t) - Gd(t) 0 (11)

where- G - debris concentration at any time, t, downstream of

filter (m/litre), and Q = flow through filter (litres/mn).

and:

G40t) (1-e)G (t) (12)
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Substituting Eq. (12) into Eq. (11) and simplifying produces:

gnuEQG,(t) (13)

Then, substituting Eq. (13) into Eq. (10) yields:

Gs(t)Vs GOV$ +fgWdt- feQGM(t)dt (14)

Dividing through by the system volume, V , integrating, and re-
arranging produces the differential equaion that describes the
wear debris concentration in a hydraulic system:

dGtt) + Q G(t) V (15)
dt V Vs

Assuming the parameters of Eq. (15) are time invariant, a closed-
form solution can be obtained:

,l

(t): -I-L 1-0 v"1 (16)

This equation shows that the final debris concentration achieved
after the system has reached equilibrium is directly proportional
to the wear rate and inversely proportional to the product of the
filter efficiency times the flow. The speed at which the debris
concentration attains a steady value is a function of the filter
efficiency and the ratio of flow divided.by the system volume or
the turnover rate. Thus, two hydraulic systems that have exactly
the same wear rate would exhibit different debris concentrations
if their filter efficiencies were different.

Eq. (16) can be graphically represented, Fig. 16. Here,
it was assumed that the system was initially filled with "clean"
fluid. Therefore, the initial concentration, G0 , was taken as
zero. In cases where the system fluid contains significant amounts
of debris so that the initial concentration cannot be ignored,
the differential equation - Eq. (15) - will still apply; but, the
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solution given by Eq. 16 will not be accurate. The curve shown
in Fig. 16 has assumed a constant wear rate for the system of
interest. In some cases, such an assumption is not correct.
For example, new systems will exhibit a break-in period during
which the internal surfaces of the components are aligning them-
selves. The wear rate may be quite high at the beginning of this
period and decrease exponentially throughout the break-in phenomenon.
Here again, the differential equation - Eq. (15) - applies, but
a solution under this constraint will be different than that given
by Eq. (16).

Fluid Sampling

Without a doubt, fluid sampling is the most important and
often overlooked aspect of fluid analysis. To obtain a meaningful
interpretation of a wear situation through Ferrographic analysis
or any other fluid analysis technique, a representative sample
is necessary. In this case, representative means that the con-
tamination level in the sample is the same as the system fluid
during operation. Basically, there are three critical considera-
tions in acquiring a representative fluid; the condition of the
container into which the sample is placed, the time the sample
is taken, and the place from which it is removed.

The degree of cleanliness required of the sample containers [13]
is associated with the contamination level of the system fluid.
That is, if a high concentration of contaminant is in the fluid,
then a small amount in the container will never be noticed. In
addition, the degree of cleanliness of the sample containers de-
pends upon the type of analysis that will be conducted. For example,
because the Ferrograph is capable of separating component wear
debris from environmental dust, some of this dust in the sample
container is of little concern. However, if a particle count is to
be made, such a container would produce erroneous results.

Basically, the International Organization for Standardization
(ISO) has defined two simple types of sampling methods - dynamic
and static. Dynamic fluid sampling is the extraction of a sample
of fluid from a turbulent section of a flow stream. Conversely,
static fluid sampling is the extraction of a sample of fluid from a
fluid at rest. Although a representative sample can be obtained
through static sampling of the reservoir fluid, great care must be
taken to insure against particle settling. A device for acquiring
a reservoir sample is shown in Fig. 17. The ISO recommends that
the dynamic sampling method (14] be employed to obtain a represen-
tative sample. A typical field-type sampling device is shown in
Fig. 18 from the ISO standard.
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Fig. 17 Hand Operated Vacuum Pump Bottle Sampler
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Wear Debris Recovery

In most hydraulic systems, the amount of extraneous material
entrained in the oil far exceeds the concentration of the wear debris.
Therefore, if a conventional laboratory membrane is utilized to filter
the contamination from a sample of fluid extracted from a hydraulic
system, the extraneous particles (environmental dust filter fibers,
friction polymers, bits of rubber) would cover the wear debris,
making any analysis difficult if not impossible. As another example,
the contaminant sensitivity of hydraulic components is a critical
consideration in their selection and use [7]. To determine the
contaminant wear resistance of a hydraulic pump, a test is conducted
using a controlled contaminant level of 300 milligrams-per-litre of
various particle size ranges of test dust obtained through the
classification of AC Fine Test Dust. To analyze the contaminant
wear process induced during this test, the wear debris must be
adequately separated from the test dust.

Ferrographic oil analysis has been successfully applied
to examine the contaminant wear of hydraulic pumps. Typical results
from these studies are shown in Fig. 19 and 20 [15]. Fig. 19 shows
the results of using the same gear pump tested at various contamination
levels, whereas Fig. 20 shows the data acquired using various pump
outlet pressures. The most important aspect to note from these
figures is that the Ferrographic analysis method was sufficiently
sensitive and discriminatory to show small changes in wear rates
caused by parameter variations.
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VII. FERROGRAPHIC STANDARDIZATION

The early life of any newly introduced piece of analysis
equipment is normally filled with controversy about its accuracy,
repeatability and reproducability. The ferrograph is no exception.
Certainly, no such equipment can provide worthwhile and reliable
data unless the analysis results can be repeated within a very
small tolerance percentage each time a given sample is analyzed.
Likewise, if the results cannot be reproduced from one machine
or laboratory to the next, there can be no universal acceptance
of the equipment because there will be little confidence in it.

A commonly used method for investigating the repeatability
and reproducability of equipment is a round robin program in which
several laboratories are provided with identical samples which
they analyze. The results of these analyses are compared statistic-
ally to determine if there are any significant differences. If so,
there may be equipment modifications, operator training, procedure
refinements, etc., to attempt to reduce the differences and another
round robin program initiated. This iterative procedure may be
repeated several times until either the desired results are obtained
or it is determined that the equipment is not satisfactory.

The Case for Standardization

During the summer of 1979, a round robin ferrograph analysis
program was sponsored by the Naval Aircraft Engineering Center (NAEC).
The purpose of the program was to investigate the repeatability
and reproducability of the ferrographic analysis process. Four
laboratories participated in the program - NAEC, FPRC, Michigan
Technological University (MTU), and The Foxboro Company, the man-
ufacturer of the ferrographic equipment. Details of the program
will be reported by NAEC at a later time, but a brief description
is given here.

At the beginning of the project, each laboratory (except
Foxboro) prepared several sets of ferrograms from oil samples which
they had in their own laboratories. (The ferrograms in each set
should have been statistically identical because they were pre-
pared from a common oil sample.) Ferrograms from each set were
then distributed to each of the other laboratories where each
ferrogram was analyzed three different times using four different
methods. The results of these analysis were forwarded to NAEC
for evaluation.

NAEC sent a partial tabulation of the results to the FPRC.
A detailed statistical analysis using the Analysis of Variables
technique was performed on these data. The analysis showed that,
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almost without exception, there was a statistically significant
difference among the results on any given sample set whether com-
pared by laboratory, method, or a combination of variables. In
some cases, there were even significant differences within a
laboratory on consecutive analysis of the same sample. The results
showed statistically that the ferrographic technique was neither
repeatable or reproducable enough to be used as a decision-making
method for analyzing oil samples.

At first sight, this appeared to be rather damning evidence
that ferrography is not the beneficial tool it was originally thought
to be. However, a further analysis of the entire program and the
ferrographic equipment itself revealed a number of problems which
probably contributed to the differences in the results.

Several of these problems were procedural and pointed out
the absolute necessity for a rigidly followed procedure which in-
cludes details on sample agitation and dilution. Such a universal
procedure is required for any scientific analysis method if comparable
results are to be achieved. It is not at all unusual for a new
analysis tool to be poorly received at its introduction because
of procedural differences in its use.

Other causes of problems were found with the ferrograph
itself. One of these is the very common problem of trying to
determine a fixed point from a variable reference, in this case,
finding the D54 reading. It has been determined that the most
significant indication of the debris level of the sample is found
at the point which is 54 mm from the exit end of the ferrogram.
This is based on the premise that the distance from the point at
which the oil first contacts the ferrogram is always the same dis-
tance from the point at which the oil exits the ferrogram. This
premise fails, however, because of two purely mechanical problems.

The first is that when the clean glass slide is placed on
the ferrograph, its fixed end is the entry end. This means that
any variation in the nominal slide length of 60 mm--and such variations
are common--causes a like variation in the distance from the entry
point to the exit point. Consequently, the significance of the D54
reading can be distorted by the variance in its actual location.

The second problem is the possible variation of the initial
point at which the oil contacts the slide. This can occur because
there are no mechanical stops which limit either the length of
the feeder tube protrusion from the tube holder or the amount of
travel of the tube holder itself. In normal practice, the tube
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is simply lowered until it "contacts" the slide. The angle, location,
and force of such contact is not defined, although it is obvious

from the analysis of the trajectories of magnetic particles shown
in Appendix A that all three are significant to the deposition
pattern.

Fortunately, these problems are fairly easily overcome by
ignoring the original meaning of "D54", i.e., the density reading
obtained 54 mm from the exit end of the slide, and using a position
based on the observed entry point of the oil. This entry point
is readily identifiable visually by the relatively large (in both
diameter and depth) deposit of debris. By measuring 2 mm toward
the exit end from the observed center of that deposit, the truly
significant "D54" position can be located.

The fact that repeatable and reproducable ferrographic re-
sults can be obtained by carefully repeating a well-formulated
procedure has been demonstrated numerous times by the FPRC. The
curve shown in Fig. 21 is typical of the repeatability of the
results normally obtained at the FPRC. In this case, a sample
of fluid was taken from a hydraulic system in which contaminant
wear had been induced. Three ferrograms were made from each of
the following sample volumes--0.25, 0.50, 0.75, 1.0, 2.0, and 3.0
millilitres. The density readings (D54) for each of the 18 ferro-
grams are shown. The maximum coefficient of variation exhibited
by these data is about 5% (using the range to estimate the standard
deviation). [16]

NOTE: The change in the slope of the curve at a density reading
of about 40 indicates that some type saturation occurs at that
point. Consequently, for a ferrogram which has density readings
greater than 40, the fluid sample should be diluted and reprocessed.
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TTCP Participation

During the period covered by this report, the FPRC has fully
and actively participated in two meetings of the Technical Coop-
erative Program (TTCP), Sub-Group P, Technical Panel 1, Action
Group 4. The purpose of this participation was to help solve the
operational and interpretation problems of ferrographic analysis
and to promote the formulation of an internationally accepted
analysis procedure. Significant progress has been made toward
these goals. A comprehensive procedures document has been assembled
and interpretative techniques have been developed.

Although valuable technical work has been done, by the
Group, the promulgation of International Standards is not con-
sidered to be within the pervue of the Group. Therefore, it
will be necessary to promote the standardization through other
channels. The mechanism for this promotion has already been set
up through the Society of Automotive Engineers, (SAE), ORMTC/Sub-
Committee 4/Working Group 6/Task Group 3. A Task Group has been
organized with Mr. Dick Dietrich and Mr. Peter O'Donnell of the
Naval Air Engineering Center as co-chairmen. A highly advanced
first draft document is available to this Task Group as a re-
sult of the TTCP activities.

Once the document has been approved by SAE, it will require
sponsorship through the American National Standards Institute
(ANSI) and the International Standards Organization (ISO).

Because of the work already accomplished by the FPRC
and because of the positions held in all three of the standards
organizations cited above by Dr. E.C. Fitch, FPRC Director,
continued FPRC participation in this activity is highly desireable.
However, such participation will depend upon the securing of
sponsorship for the FPRC which will provide the funding necessary
for attendance at meetings, participation in survey and round
robin activities, etc.
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VIII. SUMMARY AND CONCLUSIONS

The behavior of particles--both magnetic and non-magnetic--
in the fluid stream can be accurately predicted. These predictions
indicate that few magnetic particles are lost from the ferrogram.
These predictions have been experimentally verified.

Wear in pumps is easily detected. The predictions of
pump life and contaminant sensitivity can be made with signifi-
cantly less degradation than through the normal contaminant sensi-
tivity test methods. This means that a single item can be used
in several different tests.

System health can be successfully monitored by periodic
sampling and ferrographic analysis.

Ferrographic analysis can be acceptably repeatable and
reproducable, but careful adherence to standardized procedures
will be required before the ferrograph will be suitable as a
critical decision-making tool.

The TTCP activities have provided a well advanced draft
of the required standardization document for the ferrographic
procedures. However, this document now needs to be progressed
through the appropriate SAE, ANSI, and ISO committees to be-
come recognized nationally and internationally.

The FPRC should receive additional sponsorship from the
ONR to support the promotion of the ferrographic procesures
through SAE, ANSI, and ISO.
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AN APPRAISAL OF THE ANALYTICAL

FERROGRAPHIC METHOD
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REFERENCE: Nair. K., "An Appraisal of the Analytical Ferro. mitcroscopic examtinationl or heating of the Ferrogram
SIUphA Method." The BFVR ournal, 1960,291.294. along with other chemical processes.

ABSTRACT: Ferrography has becomne an important tool for the
trihologIst in identifying the defiree and mode of wear In a lerrography has been shown it) be in extremely good
mnachine. Now that the technicaue is beyond the curiosity stage, analytical fool for studying Wear Situation1s in machine.
an analyticalbase mutbe etablihed which ccurately uimulates Occasionally. small artotnts of data scatfer ire seen in
its operation. Such a base is needed to make improvements in
dm and Procedural methodology for the development of the densify readings of t he Ferrmsgram. 11 would be

wormstgandarda. helpful for a complete and realistic analysis of the wear
process if ftle Ferrographic process was properly under-

This paper baa attempted to atrip away the mystical aspecta stood fronm al analyfical point of view. Kit zmiller 191
of the process and look at the Physics which govern deposition
on the Formlogam. Although the mathematical model derived to has reporfted an extensive study on t he Ferrograph and.
toore.9 the process Is for an ideal case, it is a powerful tool for based on a number of controlled experiments, Proposed
making jdgementcalk onvarouaspectsawhich existduring the an operating procedure. Simnilar stutdies on [he subject
operaion. A compnon Paper covering the Direct fl.'ding ardelwihnRf.11.11.nd12.Tsppr
Ferengraph has also been written which should also prove r el ihi Rf 01 11,an 1 .Ti ae

valuable to those interested In this subject. presents an analytical tdevelopment of the expressions
and ftunctions which control (he Ferrographic process.

KEY WORD: Penueams. Ferrugapwiy. mathematical model, Te rpsofIefoiwatodnifadioll
aalyticel assesment. parameter senaitivity, accuracy of read- The pram fer e which t ar tofdentif and olate

b'e, ear eduelontheir effecliveness. Based on this information, a discus-

sionf is advanced for the consideration of parametric

INTRODUCTION control of the Ferrographic technique. In this manner,
an analytical foundation can be formed for the standard-

Ferrography 11. 21 is a relatively new technique ization of Perrografphic analysis and interpretation.
developed to separate wear debris from lubricating and
hydraulic oila. primarily by means of magnetic separa- IDEAL PERROGRAPH
tion. A high gradient magnetic field separates the wear
particles from a fluid sample flowing over a glass sub- F-or formulation pu~rposes, it is convenient to con-
strate and arranges them more or less according to size. ceive an idealized Ferrograph. Deviation of any para-
After the entire sample volume has been pumped over meter from ideal situation can be studied by its effect on
the substrate, a fixer solution is passed over the slide and the Ferrographic process. The following assumptions are
wear particles which remain fixed to the slidc are used made for the modeling of the Ferrograph:
for further analysis by optical or other techniques.

I . The sample fluid consiats of evenly distributed
The information obtained from the slide (the Ferro- particles. (The particles may be ferrous, non-

gram) has been extensively used for studying wear ferrous, or any other contaminant.)
phenomena and for diagnosis and prognosis of wear
situations in machines 13, 4. 51. The Fluid Power 2. The particles are spherical in nature.
Research Center at Oklahoma State University has
extended the utilization of the Ferrograph to study the 3. The peristaltic pump delivery onto the slide is at
wear in hydraulic systems 16. 7. 81. Quantitative in- a uniform rate and free from pulsations.
formation obtained from these studies is primarily in
terms of the optical densities at or near the entry point. 4. The flow over the slide is steady. one-.dimensional
Optical denaities at other locations alto have been laminate flow from entry to exit of the sample on
utilized for evaluating the Severity Index [281. Quali- the slide. (There is no initial disturbance to the
tative information on particles is obtained by direct flow at the entry.)

Copyright C 1979i &V the Fluid Power Researech Center, Oklahomna State University. Stitlwater. Oklahoma
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5. - he particle concentration is lo w enoiugh t hat the in length. Oil en IcIS file %itl ti abouti 55.5 to 56.5 illi
flow properties are uinaffected by the presence ot froni the exit end where fluid leave% fle slide. The gray-

the particles.. ity f10% over the slide is contained in a U-shaped bound-
ary. Fig. .2 shoCws a slide witlh its 111ioi dimensions.

6. The fluid is Newtonian

7. The ferrous particles in the sample do Ilot interact - Dx
with one anot her and do not Join together I o torin1 _ 9
"larger" particles. ENTRY REGION~ . ,5t

M. Brownian forces do not act oin the particles and U jONDR2
their miotion can be idcali/vd based (on fonda UBUDR
mental fluid moecha nics and imagnet ic phenomena. J_ , --.

The foregoing conlcept is. uised for the analysis given iii (FiC (15( 50 23t

til paper. The difficuilty in developing as mathemiatical Fig. 2. Major Dimensioo.N of Slide and Deposit.
model for an innovation based only oii ex per ient is
overcome hy using reasolnable engineering ideabzatIon. ThsapeQiflwasarvetinhete.Fo
The influence (if various parameters aflecting the ideal- Tesml li iw sarvlto h ld.Uo
i/ed ope rat ion oIf thle equilipmnent is dIiscussed in detail ol this rivulei is contIrolled by the inelination (If the slide

and poIss-ible sltioniils are suggested based onl ihe imodtel to vertical. surface tenlsion, fluid viscosity, and density

developed. oif thie samiple fluid. lowell aild Rothfecld I 131 have
developed [fie hydrodynamics of such a flow as a one-
dimensional laminar flow anti have soslved simlple eases.

MODEL OF THE FLUID FLOW Using (lie iheory developed by them tor* the purpose of
moldeling tile Ferrogr~ph stuffers froml twil disadvan-

Fig. I shows a schematic diagram of the Analytical tages: firsily, it requires numnerical techniques denying a
lerrograph. The sample fluid is pumped oInto tile closed-formn sot ltion; and secolndly. on the Ferrogram.
substrate by a peristaltic pumIIp. The flow through the ihe flow is not allowed to expand laterally by the
pump is assumed to be constant. By virtue of the pens- presence (If the U-boundary on the slide. Since there is
taltic operation. there will he fluctuations in the output no full bounding wall on either side of the fluid flow as
(If' the pump: howevtr. this will be of minoir influence ai in the case (If a channel. and since the width of the flow
tllC delivery end of the tube, where a reasonably sicadly film is not large, thie flow is not of' the "open channel"
flow is obtained, type. Thlus. the flow tends to he sornewhere in between

ai% open channel flow and a fully developed rivulet flow.
F~ig. 3 shows the difference between the cro~ss-section of
the fluid filmi tinder these colnditions. On the 1-errogram,

ERISTALTIC OIL STREAM however, the major interest is in the central region of
PUMP the fluid flow, where the ferrous particles are deposited.

OIL. DRAIN TUBE Ferrouis particles in the fluid are attracted towards the
ff GLAS SLDE-rcenter of the slide dule to the existence of lateral field

gradient of the magnet. Thus, this central region reason-

HIEGH MRADINT ably represents an openl channel flow.

SAMPLE OIL WASTE OIL
CONTAINER CONTAINER REGION Or INTEREST

FPiiC OSU 80 230

Fig. 1. Schematic of Slide Ferrograpll. 19 1

In an Analytical Ferrograph, according to measure- BOUNDARY

mlents. the flow rate (0) is of the order of 0.25 to 0.5 CROSS SECTION
uAi per minute. The viscosity of fluids flowing over the O tn

slide (without fixer added) may vary from about 216
centistokes for mineral-based lubrication oil formulated
for use in aircraft engines to about 13 centistokes for FVCOU 02

some hydraulic fluid at 20*C. Fluid densities may vary
from 0.75 to 0.9 gm/cc. Based on these data. it can be
reasonably assumed that thenfow over the slide is ripple Fig. 3. Fluid Crons Section and Region of Interst.

free laminar. Appendix I shows the analytical approach In Figure:
to prove this assumption. (a) Fluid Flows mAa Fm* Rtiuet.

(b) Fluid Flows in an Opeon Channel Without
Suraen Tension.

The slide over which the sample fluid flows is made (c) Fluid Flows Within the Boundary on Ferro-
of a rectangular thin glass sheet of about 60 millimetres gran.
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Fig. 4 shows the coordinates selected tr analyzing Volume rate o flow ver the slide i, given by:
the fluid flow. In this diagram. the positive X-direction is
measut.d vertically upwards from the slide. where fluid pfgW3COS,
contacts the suhslrate. The Y-direction is measured in Qz (3)
a lateral direction trom the center line. while the 1-
direction is measured along the flow from the point at
entry of the fluid an the slide. where: Q = the volume rate of Alow at tluid over the

slide. and W = the width at the U-boundarv on the slide.
X AXIS
CENTER LINE OF Again, the average velocity of the tid flow.
D:LIVERY TUBE U tavet. on the slide is given by:

PARTICLE - FLUID FILM
2

ta .P SIE

PAARSTICLEI th rog flq. o4veho the gldIlcfo ae Qisnerant ot

ON SLIDE a given situation and is controlled by the pumping sys-
tetn. For a given sample, it could vary slightly depending
on the change in delivery tube dimensions and its

X AXtS ovality. Once the flow rate is known, the velocity profile

FLUID FILM- can he evaluated. It should he noted that. in the above
equations, it is assumed thait the section of the fluid film
does not change in shape throughout the flow over the
slide.SLIDE.\
PARTICLE DYNAMICS

Y AX1S

(h) It vas assumed earlier that in an ideal situation the
FPRC sU 233 particles are spherical in nature. This is far from reality

with any wear particles. Describing a non-spherical
FIg. 4. Coordinalte Axes and Particle Location. particle by an equivalent sphere also poses problems

(a) In the Diection of Flow. since, for example. the magnetic force on them will he alunction o( the volume of the particle while drag force
depends on the shape and projected area of the particles.

With the assumption of op 'n-channel flow, the Ilence. deviation from sphericity would he dealt with as
velocity profile of the fluid flow over the slide is para- a variation from an ideal situation.
holic. This velocity in the Z-directori can he represented
by 114. 15(: U,(max)

Fd
P. g Cos#

Us= - (28 x-x) (1) . LIFE FORCES

U 'PARTICLE
V, ROTATION

where: U, = the fluid velocity along the flow direction. EFLUIO- - . .VE LOCITY . T "
Pf 

= the density o( the fluid. = the inclination of the PROFILE
slide to the vertical. / = the viscosity of the fluid, x = the PARTICLEvcoiyVELOCITY "." <

height of the streamline above the slide where velocity is PROFILE . Xp Fm
evaluated, and A = the maximum height of the flowing
film. , SURFACEF SL..- SLIDE 90o ,

The maximum value of velocity, as shown by Eq. ( I ---

is at the interface between the air and the sample fluid FPc 0u 80 TM

and this is obtained by substituting x = 6 in Eq. (I). FIg. 5. Effect of Lift Force in Producing Los on Particle
Maximum velocity. U. (max). is given by: Velodity Profile.

pf g 
2  

,m The particles are assumed to be suspended uniformly
us("=)- (2) in the fluid. When they flow over the slide, they are

subjected to gravity force, buoyant force, drag force
due to fluid flow, and magnetic force. Since the flow is

Limited experiments at the Fluid Powe! Research of a low Reynolds number, laminar type, particle accel-
('enter showed agreement with the theoretical maximum eration will be resisted by the fluid. However, along the
velocity at the interface. X-direction, that is, across the depth of the fluid film,
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the velocity prolile is parabolic, and. hence, the particle vD3 dVa
experiences slightly higher velocity on its top surface F -Fd + FlM - pp
compared to that at the bottom surface. This. in turn,6 I( )

produces a torque on the particle making it rotate. This
causes an energy transfer to the particle, resulting in a where: dV 2 /dt = the acceleration of the particle in the
lag in particle velocity with respect to the fluid velocity. X-direction.
A lift force could he created by this mechanism tending
to create an upward force on the particle. Since the Substituting the various expressions For forces into
particles are of micronic size and the length of flow over l q. l9). we have
the slide is short, this effect can he neglected. IThe
above "'circutation'" or lilt effect is shown in Fig. 5.)
Thus, it can he assumed that the particle and the fluid X-w n(p- p) KM ,fl I _D3 r. V
have the same velocity distribution in the Z-direction. 6 dx
This is given by Fq. ( I ). lq. ( I ) is rewritten helow hy
replacing U. by V. , giving the velocity of the particle rD3  

dV,
in the Z-direction. .(±0

Va fg (28xp-Xp) (5) The particle accelerates in the fluid according toEq. (10). until the gravity and magnetic forces balance

the Arag force. At this stage, the particle reaches its
lEq. (5) gives the velocity of particles in the Z-direc- settling velocity (VT). Ilereafter, the particle travels with

tion. Anot'ier equation in the X-direction is required to uniform velocity (VT) in the X-direction. The settling
describe the complete dynamics of the particle%. Since, velocity can he computed by setting the right-hand side
the inclination of the slide to vertical (0) is approxi- of Iq. ( O equivalent to /ero. and replacing V. by VT.
mately W0O, the forces in the vertical direction can he T

assumed to he the same as in the X-direction. Settling velocity Mr) can. then. he rpresnted as:

For wear particles which are heavier than the sample V _..D  g(pp-pf)+KH-5i -
fluid, a net downward force from gravity and buoyancy T 18I,P dx(
acts on them and this is given by:

F e ) 3 
( 6 ) F r o m E q . ( I ) ,

9(Pp -el )+ KH _H= --r VT
where: Fa = the net downward force due to gravity and P dx D
buoyancy, D = the diameter of the particle, and p. = the
density of the particle. Substituting the above expression into Eq. (10) and

simplifying.
Since the Reynolds number is low, the drag force in

the vertical direction can he represented by Stoke's Law D2 p dV
as given below: VT-VX = S ((dTI12)

Fd z 3 v DV. (7)

Eq. (12) is a linear, first-order, differential equation
where: Fd = the drag force in the X-direction, and Vx = in V. , and its solution is:
the velocity of the particle in the X-direction.

In addition to the above forces, the magnetic particles V. ZV T  I - XP (-18e/ P,/ ) D (03)

are subjected to an additional force due to the presence
of the high gradient magnet below the slide. This can he From Eq. (13), the time required for particle velocity
represented by: to reach 98', of the settling velocity (VT) can be evalu-

F ated as (4D 2p,/18u). For a magnetic spherical particle

F - K. H.d" (d) of 20 ;m diameter in a very thin fluid such as water6 .dx (viscosity of water is I centipoise), this time would be:

where: F. = the magnetic force in the X-direction,
K = the volume smsceptibility of the material, II = the 4(20 x 10-4cm)2(8 gm/l )  O4
field strength of the magnet at the point of interest, 7 X0
and dH/dx = the field gradient at point of interest. 18(.01 gm/cm- ec)

Eq. (6). (7). ,nd (I) can be combined to give the net Thus. the particle velocity reaches 98% of its settling
force acting on the particle. The particle is accelerated velocity in a fraction of a second; and, hence, it can be
by the net force acting in the X-direction. This can be assumed that the particle dynamics in the X-direction,
represented by: that is, along the depth of the film thickness, is con-

66



I

trolled by the settling velocity. It xp is the position of In the lerrorani, it is observed that large sie parti-
the particle from the slide at any time, then. cles 1particles whose si/es are larger than 15 pil in

diameterf are deposited within 5 mm from entry point.

dx -  If representalive values are substituted for various para-
_ dt _V (14) meters in lq. ( () and 117). the relative %allies of the

gravity term. g Ipp p,) and the magnetic term.
KII (dll/dx) can he evaluated such that a particle

The negative sign for VT is introduced as per the sign of IS j in gets deposited within 5 min I rom entry point.
convention, since VT acts in (he negative X-lire'tion, Typical values of the parameters are:
lIq. (5) and 114) define the dynamics of the magnetic
particles in the flowing fluid. They can he combined by fluid density. Pf = O.X gl/l.c
eliminating the variable time It). Dividing I. (5) by particle density., = X gni/lcc

l'q. 114) and rearranging acccleratiii due to gravity. g = )80 n/sec
2

inclination of slide with respect to hori/ontal.
-Pf _ g2 -Cs dxp -d (2px=2 ) P i = (3 ijQ/pfg wc-, ),) = 0.1 cm

" L VsLISLIl'e)

particle diameter. I) = 15 x 10 4 cm
Integrating this equation. we have: posilion of particle deposition. ,, = 0.5 cm

PIfg Cos i 2 :3 Further, assume that the particle enters the slide at
P UPV X /3)+C the niaSllnom) film height location, that is. x. = 6.

With these paramlters substituted into Iq. (171. and
solving for KII tdll/dx). KI (dll/dx) = 1.25 x 105

where: C = the constant of integration. dynes/cc. The value o1 g (p, pf) would he g (p pI)=

The particle may enter the slide at any height above 0.07 x 105 dynes/cc.

the slide in the fluid film. Denoting this height as x. Thus rom this illustration, it can he concluded that
(See Fig. 4.), the initial condition in the above equation the contrihution of the magnetic forces in the Ferro-
would he: xP = x. at zp = 0. graphic process is much stronger than that from the

gravity term. This can he further illtstrated by consider-
Setting this initial coundition, in the above equ;oi. , ing the particle as nonmagnetic. In such as case, the

term. KII tdll/dx), is zero and, using Eq. (17), the
P! g Cos 2 3 value of the position of deposition of the particle, zP,

C = V (axo -. o/3) can he evaluated. This can he calculated as: zP -_ 9 cm.

We are interested in evaluating the position of a given Total operating length (f the Ferrogram is about 5.7

particle when it is deposited on the Ferrogram slide, that cm and, hence, it can he observed that this nonmagnetic

is. the position z P when xp is forced to zero. Substitut- particle escapes deposition on the slide.

ing xp = 0 in Fq. (I 5f. we have: Based on the results of the foregoing analysis, we can

now represent the ,ettling velocity, VT., in Eq. ( I I ) as
zp== P fg VC S  (SX2_X 3 /3) (16) containing only the magnetic term, that is,

C x(8x-x. 3 )0D2 KH d.

Substituting the value of VT from Eq. ( I I) and that VT TX_ 08)
of ' from Eq. (2) into Eq. 116). we have:

It is seen from Eq. (18) that the effect of increasing

I tr 2 13  I i (dll/dx) along the Ferrogram is to directly increase
9 pfg CosI (31sO/pfg x 3 the settling velocity. But if Eq. (18) is to he modified to

Z 21 2 7 this elfect, then the variation of H (dH/dx) and, hence
D g(p-p)+ KH A" settling velocity, VT. should he known. As such, this

variation is not available for the high gradient magnet.
lowever, it should he mentioned here that to evaluate

Eq. (17) defines the location of a particle on the the magnitude of II (dtli/dx) or its variation in such a
Ferrogram. if x. and D are known. lowever, this magnet is extremtv difficult, if not impossible. Even
equation is derived assuming that the magnetic term. experimental measurements may not give these values
KII (dli/dx) remains constant along the Ferrogram. to an acceptable accuracy because of' the short range of

The high gradient magnet used in the Ferrograph has its effective magnetic field and smaller force magnitudes on

field strength and field gradient, dH/dx. varying along micronic particles 117, 18, 19, 20, 21, 22, .I More-
the length of the Ferrogram. (Variation of these para- over, this value can be expected to vary across the thick-

meters is assumed to he small along the fluid film ness of the falling fluid film. The trend of the variation

thickness. 5.) Accordingly. Eq. (17) should be modified of (dH/dx) along the slide is indicated by Lt. R. S.

to take care of the variation of magnetic properties. Miller 1241 as a polynomial function of x. (See Fig. 6.)
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F~romi this equa tion. t he locat ion of l1w particle. /.p is

Z~ajAfll+ (x-x3)~ (20)

Eq. t20) is similar to Fq. (16t.excet tflat it includes
~ the effect ot' the variation (if magnetic properties along

Hthe length of the slide. Note that /pin thie above equa-
tion is the location of a magnetic particle on the slide
in in idealized situation, presented in thie heginning of
the paper.

The purpose ot (lie derivation of' the above equation
UZI was solely to demionstrate the effect oft the variation of

magnetic forces on particle deposition rather than abso-
JL lute evaluation. Eq. (20) clearly indicates that the

X effect oh increasing magnetic gradient along the exit end
at the Ferrogrami is to deposit the larger size particles as

X close as possible to the entry location. It is seen that the
0 ! io Ido effect of' various parameters like x.. p. Q, etc.. are

masked hy the equation because of' the logarithmic
DISTAN4CE ALONG HE SURFACE OF SLIDEt. ii n " function: however, this need not he true in general. This

PRvC osu 111 23 is because, firstly, in the case ot bigger particles, Eq. f 16)
Fla. 6. Assumed Variation of Manetic Properties Atong gives the correct picture of z since they are deposited

the Fersogramn. H (dflldx) tn Assumied to Vary near the entry. Secondly. smaller particles get saturated
asan Exaponenttat Function Along Z.Direction. magnetically as they have only one or at best few

It i asume tha th fild srenth 1 alo vrie in magnetic domains 12, 17 1. Accordingly. Eq. (16) should
It i asume tha th tild srenth I alo vrie in he valid for any magnetic particle in the sample fluid.

similar fashion; then, the product 11 (dtl/dx) can he Ilence. it could he stated that the effect of variation in

approximated to he an exponential function 11 (dll/dx) the magnetic properties, If (dll/dx), of particles is tocas along the Z-diiection (m is a constant.). Subse. confine larger size magnetic particles to the upperquently, the settling velocity at various locations mlt the region of the Ferrogram. And finally, in the case of
slide, that is. as z, varies , will have an exponential particles less than 0. 1 mm in size, Brownian motions may
variation. This can he represented as: V. = VT Ern. become effective and the particles will disobey the

equations derived earlier. The Ferrograph does not give
where: V a=the settling velocity of the particle as a full information about such particles (for whatever they
function of its location along the Ferrogram: VT = the are worth) as would be given by a spectronmetric analysis.
settling vleocity of the particle as given by Eq. (IN8): m =
a constant*. and z = the distance along the Z-direction,
where V. is required to be evaluated. (Note that the b a
magnetic term, KII (dllI/dx). in Eq. (I8) represents its 10 .1ta * iPIIMIWo iSLIDEA M

value only at or near the entry location.) 4111 Ailt TCLEI I IR S SLIDE A I

Now, the motion of the particle along the depth of 8
fluid film, that is. X-direction, as given by Eq. (14) must I.A"he modified to take care of the change in settling veloc- 0
ity along the Ferrogram. This can be expressed as:

tFFECOPOCRARDst

dxp ErLE MAGNIF TIC GWENT

T_ v -- V(exp. mz) sp A0o4'l

Now Eq. (5) and (19) represent the complete dy- 2
namics of the particles anywhere along the length of the -
fluid film. Dividing Eq. (5) by Eq. ( 19) and rearranging, 2
we have: I

10X-X ~p0 l 20 30 40 50 sodza 2
01VT 2x-,)x LOCATION OF PARTICLE ON SLIDE., to mm)

Integrating this equation between the entry point and FP -.SL sa
the point where the particle gets deposited on the slide Fig. 7. Particle Diameter Verus Location on Slide.
(that is. X11 from xe to 0: Z"from 0 toZIP).

a gos A g Eq. (17) indicates that, with a given flidt sample, it is

2#%V, (3xI 11111173) possible to predict the location of deposition of a known
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particle it' the parameter, x. (the height at which the" travel on th: slide. then the timet for which it travels in
particle enter the slide). is kept constant. In such a case. the fluid is given by:
other parameter% remaining constant. the location of the.
particle is inversely proportional to thc square (it th Time oft Iavel distance traveled in cim
particle diameter. I). Fig. 7 shows a graph reflecting this average velocity in cm/ise"
relation. The angle of inclination, 0. to the vertical is of
the order of about Xx" A change in this value due to - 0.5
improper leveling of' the equipment or due to incorrect 027
fixing of a slide thy the locking pin provided on the
Ferrograph) could affect the reading, though not too = I.S second,
drastically.

It' the larticl: enters the slide at top of the film
The strongest parameter which affects the location on height (that is. it = 6). then the settling velocity is:

the Ferrogram of a particle of given diameter turns out
to he the position of the particle, x.. above the slide as
it enters the Ferrogram. This needs further elaboration. Settlini velocity. VT = film height A
-q. 116) which gives the position of the particle on the time to travel the distance

Ferrogram can be used to demonstralte tht eftect of x.
on that posilion. This is illustrated below. 0.083 cm

I.85 sec
Representative values of the various paraneters in

Fq. t 16) are computed or assumed as follows: = 0,045 cit /sec

Fluid density: pi = 0.8 gin/cc
Acceleration due to gravity: g = 9)80 cn1

2
/scc

Cosine of the inclination of slide with respect to An alternate method to find settling velocity is to use
vertical: cos = 0.03 Eq. (1) in which the value of the magnetic term.

Viscosity: p = 0.2 poise tMIL-I-5606 fluid) KII (dll/dx) evaluated for deriving this equation is used.

Flow rate: Q = 0.01 cm
3

/sec This value was: KII (dll/dx) = 1.25 x IO dynes/cc.
Width of U-boundary: W = 0.45 cm

Using Iq. ( IX), settling velocity. VT. is:
The value of the fluid film height, 6, is evaluated as 2K dH
follows from Eq. (3). D2 K H  xVT= 18/,

1/3 1'8= P ( t f g Cos 0X0gKSd2
1 (15 x 10-4)2 cm2 (1.25 xIO pcmsec 2 )

Substituting the various values into the above equation -1 -1
yields 18x(O.2 gm cm sec

3 x(.2)x(0.01)
= (0.8)x(980)x(0.45)x(0.03) -0.078 cm/sec

Clearly, the value of settling velocity, VT. obtained
0.OO3 CMby this method is more than the value obtained using the

average velocity. Since the exact value of KII (dH/dx) is
If we consider a particle of diameter 15 pm (that is, unknown, the value of settling velocity as 0.045 cm/sec

D = 15 pm). then the only other parameter required in will be used for illustration purposes.
Eq. (16) is the settling velocity, VT. of the particle.
Settling velocity is given by Eq. (II) in which the mag- To demonstrate the effect of the initial position of
netic term. KtI (dll/dx). is unknown. Hence, an approxi- the particle, the various values evaluated above are
mate evaluation of settling velocity must he performed. substituted into Eq. (16). Eq. (16) can he normalized

in terms of film height. 6, as given below:
The average velocity of fluid flow is given by Eq. (4). pfg cos p a3  o 2

Substituting various values given above into Eq. (4) zj= 2.)v8 (I1
2 2juVT a 3

U(ove)z (O'8) (980) (0083 )x(0.03) Substituting various values into Eq. (21) yields,
3x(0.2) o0.8)(980)(0.03(0.083 , 3_.,a ,x

-0.27 cm/sec z 2 -(0.2)(0.045) 18

If it is assumed that the magnetic particle of IS pim X . 1 _X 3
diameter gets deposited within the first 5 mm of its x0.75 ( -C( (U)
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1. elsewhere and are not discussed in this paper. The

primary interest here is how th modeling discussed
ahove altfcls the density readings in terms of particle
deposition.

A fluid ample used in the I: rrographic process
conlails different sizes of parlicles and. as has been
seen earlier. they can get deposited in a random fashion

x6h .5- as illustrated in ig. x. The statistical nature of the

deposition t particles renders the analysis difficult.
fhowever, an analytical expression can he derived for the
density readings it) identify and investigate the effect of

.25" ideposition ot the partickcs as given by lti. ( 10).

Let there lIe i i particles of diameter I) , . n2 particles

it diameter .12. etc.. so that the total number of parti-
cles, i. is

5
PAC USU NO 23? nx I )

rig. a. Effect of Initial Podtton of Particle. X * on Final
Deposlt Location. Z (For Large FPatic¢). where: k = the to it number of different particle sizes in

the -ample.

Thus, if the particle enters the slide at the top of the Location of these magnetic particles on the slide is
falling film, that is, x./b = I, then zP = 0.5 cm or 5 mn Location of the.e g i e s o t ieifrom the point of entry on the slide. The variation of /_ governed by l~q .l 2). As given y liq. (16) for a given

from~ th pon fetyo h lde h aito fz fluid sample. the parameter% which control the location
as a function of x. is given in Fig. 8. From the figure.
it is seen that a particle may he deposited anywhere on of the particles are its initial position at then entry, x.,

the length of 5 mm, depending upon its initial position, and the settling velocity, VT. Settling velocity is, in

xo . It is also seen that if equal probability is assignedt to turn, controlled by the daimeter. D. and density, pi.

a particle to have its location, x., then 50(h ot the of the particle. If the analysis is restricted to particles

particles in the sample (x,/S < 0.5) get deposited with- of the same material, say. ferrous particles, then Eq. (16)

in 2M.4, of its maximum possible travel. This explains and (17) can he presented as:

why a large deposit ao" larger particles is always observed
at the entry point. Thus, it appears that the location of a 3]'
particle on the Ferrogram is strongly affected by its 

9
Pf gal= (U)- I

initial height above the slide. Ilowever, as mentioned Z D2

earlier, the effect of the increasing magnetic field gradi- -p
ent is to force the particle not to travel farther from the

near-entry region. especially in case of larger particles.
In the case of smaller particles, if they are magnets by A r x .. % 31
virtue of their few domains, they may get deposited 52 3 ()
anywhere on the Ferrngram. scattered over a larger
length of the slide, where:

The foregoing section demonstrated that the initial
location of the particle as it enters the slide has a strong 9p198'CosP
influence over the final location of the particle on the A - dH
Ferrogram. ]his. in turn, affects the other analytical q(p-P ) + KH
results in terms of optical density readings. The next

section covers the optical density readings as affected by
the Ferrographic process discussed so far. A is a constant of the Analytical Ferrogram for a given

fluid and material of the particle.
OPTICAL DENSITY READINGS

Eq. (24) shows that. in an ideal case, a particle of
The primary tool for quantitative and fast assessment given diameter gets deposited from entry point to a

of the wear situation is measuring the optical density on maximum distance of (2/3)A52 fI* from the entry point.
the slide It. 21 The optical density reading is essentially This maximum distance is achieved when the particle
a function of the percent area covered by the wear enters the slide at the maximum film height, that is.
particle deposited on a specific locatinn on the slide and x0 = 6. It was shown earlier that 51 of the particles
is measured by the amount of light blocked by the wear would get deposited in 20% of its maximum possible
particles in the aperture of the optical densitometer, distance as described above. If the diameter of the

Details regarding these optical methods are available various ni particles in the fluid sample as given by
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lii. (23) is DI, D2 .(so that there are It, particles of
1) ameter n2 particles of D2 diameter, etc.). then/ .,

ecsieparticle will gel deposited on the slide within a ....... .1
specified maximumn distance corresponding to that size, d.0 ,
as given hy Eq. (24). Fig. 9 shows an illustration of this FLUID-$~ FLOW

situation. Alternately, it can he said that a given location dxdi 7 --- son the slide would consist of different types of particles x S2
decreasing as the particle size decreases. It should he tZ l
noted that this conclusion is t'ised on the assumption ENTRY-/ -

that the particles have equal probahility to occupy the POW FPRC 000 80 2n
initial position x. at the entry position as they enter the

slide.Fig. j0a. Particle Deposition at Any Location. At a Loca-
* 0 AXIUM iSTACE ARTCLEtion dz,. Anv Particle of Diameter Dy Can Get

MAXIUM ISTACEPARTCLEDep'osited. If They Enter the Slide Within a
> OF DIAMETtR Of CAN TRAVEL Band of lHe~gt dxo,.

Of SLIDE-,.
0 BOUNDA V

MAXIMUM DISTANCE, PARTICLEFERGAOEOT
< OF DIAMETER D2CAN TRAVEL AKRILIFIE OF OPTICAL~,0, FOSSITOMETtR

ANY LOCATION CONTAINS VARIOUSb
cc D PARTICLES OF SIZES 0, TO 0

0

ENTR,,,,FPRC--OSU 80 240

--- UEFL ENTHOFFERORAX. Fig. J Ob. Measremsent of Area, Covered by Densitomneter.r- -USEFL LNGTHOF ERRORAMArea Covered by Aperture - (w14) (Area
FPFIC 0551 80 23 Covered in dz9 (b).

Fla. 9. Maximum Particle-Travel and Its Effect On Area ahove the slide if if is t0 he deposited within the I-mm
Covered. distance selected. Similarly, another particle of diameter

1)2 Would tak. -ninther hand of height dX. 2 . This value
Optical density readings are taken at a specified can he evaltiitesl 1,N differentiating Eq. (24) and setting

location on the slide, say. the point Upstream 54 mmn dt9 = I mim o,' :ni, that is,
from exit end (designated as D54). Density readings dp
correspond to the area covered hy the particles in the 3dz28x0 .)d .(6
aperture of the densit ometcer (norm ally I-mm diameter). pa D ( x- 0 )d 0 (6
F~or a I-mm length of the Ferrogram slide along the
direction of the flow, then the aperture of' the densito- or
meter corresponds to this length by the following rela- 3 2
tion: 8 D dzp

S(dz (25) A(28x*- % 2 )

4 Consequently,

where: dz, " the I-mm length considered along the 83D1
2dz, 97length of the Ferrogram where density readings are (2?)rr

liken. and h = the width of the Ferrogram deposit A(Moxrt)
measred aterlly.where: i = - to k gives the different particle diameters

Fig. 10 shows how this area is represented. Also that couild get deposited in the specified location.
shown in Fig. 10 is how particles of various diameters
form trajectories to get deposited it, this particular In Eq. (27). dz, is the length of 0. 1 cm at a specified
location as given hy Eq. (24). From Fig. 10, it can he location i(for example. 54 mm from exit end of
seen that a particle of diameter D, should enter the Ferrogramf In this equation. x. should he evaluated
slide within a certain specified hand of height. dx 1l. ftor the given location z,, using Eq. (24). This involves
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Ile solution ilf a cubic equation in x. and hence i% If there is no overlapping tl' the deposited particles
tediius. An approximate method is to linearite Iq. (241. on the :errogram. then the area cosered. S. ly these
I was shown earlier that 50', of the particles which parlicles is given hy:
happen to arrive at the hottorn half of the liIn height
at entry (that is. x/ < 0.5) get deposited within .0(Y; s p Di
of' the maximum distance a particle can travel. For S 4T
example. .S0i ot I5 /ym particles will gel deposited
within I mm of its entry, if the maximuni distance Substilulin, for Pi from I-q. (30)gives
such a particle can travel is 5 mi. If a particle can travel
a maximum of 50 mim in the fluid before getting de- S=- Di ni dz
posited 4that is. when it enters the slide at maxinum
height, x o = b). then .(Y/X of those particles get depos- lotal area covered by all the particles of different
ited approximately in the first 20 ml (l tie slide, diame'ter, in Ile particular location selected is
Ilowever, their contrihution to the optical density
readings could higically he assumed to he negligible due k 4  (3)
to their scatter in location and lesser diameter. (ons- St illy4 A-  

i i P
quently, it can hec assumed that the particle which enters
the top half of the film height contributes nlore to tie where S = total area covered by the particles in loca-
optical density readings. Strictly, this assumption will lion selected fr optical density reading. Di = the parti-
he more valid in a severe wear situation. wher the nu|- s of diameter
her of larger particles is greater. Accordingly. lIq. f24f ti diameter, n, = the number of particlescan aproxiatedasDI) . and dz n 

= 0.1 cI co (rresponds to aperture of tile
can he approxiimated as: denitometer.

*p! -LA (..I -O 0.5 (28) If the particles are deposited uniformly in the width.02 h. of the Ferrogram deposit, then tile area covered under

the densitometer will he:
In the general case,

2pIC -"' A -0.:31) (too)

Dl 02 It" r 10bi.v n. (dzP) (32)

where: z. the location where density readings are 16b !OY , I w,
taken a 0 where: S. = the area covered by the particles in the

From this equation, aperature of the optical densitometer.

C0 At a given location away from the entry region
z( - 0.31) (say. D30). the maximum size of the particle which canA be deposited is again governed by Eq. (24). So in finding

the total area covered by particles as given by Eq. (32),Differentiation of this equation yields only those particles which can get deposited there

2should he considered instead of all sizes of particles.OxSi " M dZ P (32) In other words, the suffix "i' in Lq. (32) varies fromA some intermediate number -y to k instead of I to k like
in the near-entry region.

where: dz e = the length 0.1 cm at location z where

density readinIs are taken, and dx,1 
= the rand of

height at entry from where particles could travel to Eq. (32) indicates that the optical density readings
within the length dz . are directly proportional to the number of particles and

to the fourth power of diameter of the particles. Thus,
If equal probability is assigned to nt particles of in a severe wear process, when large particles are greater

diameter Dt in [he sample liquid to enter at any height in number, the influence of small particles near the entry
x0 . then the number of particles which enters the hand region (D54, DSO. etc.) is insignificant. This makes
of height dx 0 i. designated as Pi. is Ferrography a powerful tool in analyzing a serious wear

situation.

P,. . Il From the foregoing modeling of the Ferrogram, !I

could bt stated that optical density readings near the

Substituting for dxot from Eq. (29) in the above equa- entry are the most accurately measureable quantity
tion yields since the diameter of the particles is Ir rr and the

trajectory of the particles is smaller. From experience

DIt at the Fluid Power Research ('enter at Oklahoma StatePi". nj dip (30) University, the position D54 has been found to be theA best location for taking a fairly accurate density reading.
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his position avoids the entry deposit congestion and "catch hold- of smaller particles, lowever, such "to-

the high statistical dispersion towards the exit end. The gelherness" may not affect the density readings appreci-
measurement (if )50 is subjected to more scatter than ably.
)54. In any case. an average of three readings, including

two other close locations on either side of the desired Spherical particles as in *'fatigue wear" and plate-like

location, could he used to identify the corresponding particles as in normal wear form strings or flux patterns
optical density readings. Density reading.s at the lower in the direction of magnetic field, as seen on a Ferro-

end of the Ferrogram are subject to high statistical gram. It could be assumed that the strings are formed
variations which diminish their usefulness, while the particles are travelling in the fluid where they

have more mobility. This could result in a higher equiva-

VARIATION FROM IDEAL lent diameter of the particle and may amount to an
FERROGRAPHIC PROCESS increased wttling velocity and a forward speed which is

lagging behind the fluid velocity 1251. The net result

So far the Ferrographic process has been analyzed would he for the string of particles to settle earlier on
considering it as an ideal case. In an actual situation, a the slide. In the case of spherical particles 125!. they

number of parameters are uncontrollable. For example, can move on the Ferrograph due to the slightest fluid
wear particles are rarely spherical. Magnetic particles disturbance and due to the component of magnetic

interact with one another and, acctrdingly. the ]nalyti- forces on the forward direction of' motion. In case of

cal concept presented on an individual particle hasis rolling fatigue wear particles, density readings could he
needs realistic interpretation. Variations from ideal affected hy this movement of particles over the slide.
assumptions and their effect on the process will now he Formation of strings could he expected to reduce this
discussed, effect. Ilowever, since particles can form layers when

they are in strings, this could alter the density readings

Flow Properties at a given location.

The flow, as it enters the slide, is not fully developed IIJyect of'Shpe t,] the Particles
laminar flow. In this unsteady condition, particles which
move downward due to the momentum of entering Particles e:,hihiting a flaky or plate-like shape, when
fluid. may not move up towards the fluid surface even if they settle under the influence of magnetic or gravita-

the fluid has a component velocity in that direction. tional forces, can experience a change in drag forces by
This is due to the opposition from the magnetic forces, a ratio of three or four times if they fall on the edge.
The result could he that the lower portion of the I1dm Irregularly shaped particles like large chunks or curled,
height can have a higher particle density than the higher propeller-type particles with random shape as developed
portion. This would tend to change the particle deposi- in cutting wear processes would rotate as they travel in
tion nearer the entry location, the fluid 1261 and may show more drag than otherwise

possihle. They could settle in any fashion on the Ferro-

Alagnctik Properties gram since hydrodynamic forces would he a predomin-
ant factor and they could travel well beyond the entry

The magnet used in the Ferrograph uses a high gradi- location. In general, non-spherical particles exhibit more
ent field to obtain sufficient forces to attract the parti- drag and such particles settle at locations further down-
ties. The force on the particle is governed by Eq. (8). stream than it they were spherical in shape.
Apart from the volume of the particle, the other para-

meters are the volume susceptibility of the. material of l/frJfit o Fluid Flow and Vircosity
the particle (K). field intensity (I), and the rate of
change of field strength with respect to vertical distance Viscosity of the fluid samples used in Ferrographic
Idll/dx). The value of susceptibility is dependent on the analysis cannot be standardized to a constant value due

field intensity (i). composition of the particle, mechan- to the wide variety of fluids in systems of interest.
ical process and residual stress during the wearing opera- Also, in preparing the sample for running a Ferrogram,
lions. etc. 1171. The permeability and hence volume dirty oil from the machine is mixed with a solution
susceptibility of the material (permeability, P = (K - 1)/ primarily to obtain a uniform distribution of particles in

f4 w) in C. G. S. units) is found to change with aging the sample. Such solutions added tend to reduce the

and thermal cycting. The particles in a sample kept for viscosity of the sample drastically. Thus, it is worthwhile
long periods may have a decreased permeability. An iron to investigate the effect of viscosity on the density
particle, for example, with all the effects mentioned readings.
above. may have its susceptibility changed by a factor of
more than I0'. In such a case, density readings near Eq. (32) was shown to be representing the area
the entry region of the Ferrogram may he subject to covered by the particles at a given location. In this
varlations, equation, the constant of an Analytical Ferrogram, A.

is given by Eq. (24).
One of the methods to produce a high gradient field

is to introduce small magnetic material in a magnetic
field 120. 21. 221. The higher gradient produced near A a
this magnetic matejial is used to trap other smaller g p )+KH
particles in a flowing ,luid. Based on this, it is reasonable p ) dx
to expect that. in a Ferrogram. larger size particles
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Substituting for 63 from Eq. (31, first 10 mm from entry, could he selected for compari-
271,0 son purposes. When the viscosity increases, flow through

As the peristaltic pump decreases. If these changes are

)+KH small, it could he assumed that pQ remains constant.
WP dI flence such changes need not he considered.

Substituting the value of A into E:q. 132) yields the
area covered hy particles in the aperture of the densito- When the viscosity is low, however, the flow Rey-
meter. So, as nolds number would increase and. consequently, there

would he more disturbance at the entry region. This
causes the entry and D54 readings to increase and(g(P9-Pf ) +KH I D,4 ni(dz D50 or lower readings to e reduced. In this respect, thedilution of' lss viscous oil with solvent could cause

EFFECT(33) problems, A qualitative assessment of this situation is
OF difficult due to the random nature of the motion of the

DROPPING. particles in the initial entry location.

"'*\ j I::]Ict of Delivery Tube

I I The fluid sample is delivered to the slide through a
tube of about 1.5-millimetres diameter which is fixed to

2 a% EFFECT OF INCREASED I a turret tube arm. It is reasonable to elieve that the
I -MAXIMUM PARTICL position of the fluid exit from the tube has a strong

u " TRAVEL LE1 , influence over the "quality" of the Ferrogram. If the
'J pipe end is not touching the fluid flowing over the slide,tfluid may drip onto the slide and the flow will he un-iI 2 "Ii l

"J settled in the initial region of the slide. If the pipe end
I I o is immersed in the fluid, or "just touching" the slide,

,- I NEAR . . the initial value of x. for the particles in the fluid is
" ENTRY REGION small. Subsequently, a higher density reading at the

RE I entry and D)54 could he expected. Further, due to
NAR EXIT REGION0 low velocity of fluid near the tube wall, the entry
(bI deposit would he more in the periphery region of the

u.' . tube. primarilI towards the U-end of the slide. If a
PARTICLES WASHED AWAY-S I, bevelled edge is used at the tube end. then one large

,UO entry deposit n.ar the U-end and a statistical distribu-
FPtC OSU t0 tion of the initial height of the particles could be the

Vig, 11. fftet of pQ on Density RodMls. At New result. Further experiments are necessary to determine
Enty Reiion, AspQ Inesmsae, Hiaher Size whether an optimum tube configuration and a methodPaticles Sta5rt Afri n Wug ih Otherwis, for a controlled particle entry are possible.
Wm Constatned to Uuuts'-m Location.
Be* Eq. (33). I'/*r oJ Sample l'ouic and Concentration

If an experiment is conducted with particle distrihu-
lion and sizes known, it appears from Eq. (33) that the From an ideal Ferrogram point of view, sample
area covered and, hence, the optical density is inversely volume and particle concentration have no effect on the
proportional to pQ. Anywhere along the Ferrogram, location of the deposition of a particle on the slide.
where I (dIt/dx) is higher (say, beyond 20-25 mm from Ilowever. a large concentration or uneven distribution of
exit), the variation in uQ will not have an appreciable particles in the sample promotes particle agglomeration
effect on density readings, since the particles are map- and subsequent deposition at an earlier location on a
netically saturated. [fence, the locations mostly affected Ferrogram. They may decrease the density of the
by changes in viscosity and flow are the few millimetres Ferrogram by forming layers and by a shift of position.
from the entry point. Fig. II shows the effect of MQ on Increasing the concentration or sample volume further
the density readings at various locations on the Ferro- may make the densitometer reading saturate due to the
gram. The nature of the curve is, however, strongly property of the instrument (271 , hence, the volume of
affected by the particle distribution in the sample. the sample is adjusted by diluting the fluid so that the
When a combination of various sizes and numbers of density reading is in between 10 and 40. Details regard-
particles is present in the sample, the area covered will ing the densitometer and its functioning are available in
still he controlled by the largest particles and, hence, Ref. I1 2, 1.
the above arguments hold good. It follows that in a
severe wear process when the viscosity is low, as in some DISCUSSION
hydraulic fluids (for example, MIL-H-5606). the particle
deposits are subjected to less scatter and readings at the It has been pointed out that there are a number of
D54 and DSO points will be more accurate. When variables associated with the flow particles in the fluid
experiments are conducted with different fluids, the film. It has been mentioned that the position near D54
total areas covered over a certain initial length, say. would be the best position (based on experiments men-
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tnted in references and based on the theory presented lerrography remlains the best method available for
here) for a quantitative appraisal in termis of density wear debris analysis ini %pite of the various factors
readings. D)50 readings are suhjected to more scatter involved for its efticient ioperation. IDevelopnment of' a
than D54. hlowever, when the wear situation becontes new mnethod to control the initial position of [lhe particle
critical, particle sii/e and number increase and. accord- in the falling film has the best promoise in reducing the
ingly. the density readings. A definite relation between scatter and itaking Ierrography more of a science than
the increase in density readings .and particle concentra- an art.
lion is difficult ifo predict. But. based on the increased

dtensity readings, the wear .ituation can be assessed. **

* Qualitative examination by means of optical and eec-
trinm Iicroscopes and other methods. like heating the REFERENCES

* IFerriograni fr identifivation of particles. etc.. would
further expand the study of wear phenomena. Furthter. I . Scott. D).. cl AI. "Ierrogrutihy r Advanced
if a method to con. rAt the initial positcon of' the particle Dc.~ign A id lor t/he 80'si. Wear 34. I1975.
on the l:errograil could be devised, that would help pp. 25 1-0
decrease the scatter ofidensity readings,

*2. Seitert. W. W., and V. C. Westcott. "A Ah'i/rod ]6r

It may he- worthwhite to investigate the degradation t/he Stud ' r, It/Wear Partiiles in ituhricaling Oil."

*rate of the magnet Used in the Ierrograph. It is'possible Wear 21 1972,
that there may he -aging" of' the magnetic mnaterial as a .1. Westcott. V. C_..The hires'igatimn und Interpreta-
function (f time, especially if it is subjected to tempera- fion /i/i he in Amv/ 4 ear Paricles. "Trans-Sonics.
lure varialions. Htandling ol the equipment has to he Inc.. Prepared for thie Office of Naval Research.
extreitely careful in that if a weight or other objects 19.74,
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2 2 pp. 183-lXI).

o. Tessmann. R. K.. "Alonitoring Wear in Hydraulic
where: AL and A. are the percent area covered at 54 S ,isiens. Presented at the International C'onference
and 50min from the exit end, respectively, on Fundamentals of Tribology. MIT. ('ambridge.

Mass.. June 1978.
C'onsidering thle scatter in density readings, as the

state-of-the-art of Ferrography stands today, it seems 7. Sntith. R. I.. and R. K. Tessmann, "The Magnitude
miore reasonable to have a Severity Index which inte- of Wear Dc/,r. Generaion l/ ydrau/ic Systems of
grate% all density readings in between a certain distance Mohbi/e hquipmepitY" The BFI'R Journal. Vol. 12,
over the Ferrogram f-say. from D50 to entry) with due No. 2. 1979, pp. 163-16H.
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be represented as- 8. Tessmann. R. K.. "Non-Intrusive Ana/ysis of Con-

tiflinant Wear in Gear Pumpsr through Plerro-
-, graphyi." Ph.D. Thesis, Mechanical Engincering

is- T (DXI)A Dept.. Oklahoma State University. Stillwater,
D50 Okla.. 1977.

where:9. Kitzniilter, D. E.. "The Development of a Ca/ibra-
I- x-49 lion Technique and Standard Operating Procedures

Jor a I'errograp/i. M.S. Thesis, Oklahoma State
For example, at 53 mnm from exit. Q would be 53 - 49 Unisersity. Stillwater, Okla., 1977.
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grant Analvsis," Naval Air Engineering Center,
CONCLUSION Tribology Laboratory. September I1978.
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affecting the density readings in a Ferrogram were dis- on Wear Debris Analysis," Institute of Material
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APPENDIX B

An Appraisal of the Direct
Reading (DR) Ferrograph

77



The BFIPR Journal. 11980. 13. 4. 3 19-32K Basic Fluid Power Researcht Program

AN APPRAISAL OF THE

DIRECT READING (DR) FERROGRAPH

K. Nair Editorial Managers: E.C Fitch & R. K. Tessniann A Research IDocu,,w,,arY

RFPRRNCIK: Nir. It.. -An Appraisal of to. Direct Reading 5e.WvE FUIV
(DR) Fesah~The EFPR Journal. 1988. 13:319-328.

ABSTRACT: The Direct Reading (DR) Irerrogr..ph was initially ss.gc -u FIXED TO..oXDQo
eaoct.kees ". a mea for screening fluid samples in order to _______________

identify th w whichi sould be studied by the Analytical outus
slid.s) Feemogras. In practice. the DR unit has been plagued with
a hod of operationsal problems ad an indepts analysis of its
future putential vw deemed necessary.

This paper represents She resltsa of a significant effort atni
the FPRC tor gle an unbiased appraisal of the DR system. To
m% aietal. - unbiased posture a mathematical model of as is ,o

ideaeied unit was formnulated. Based upon this model and stunt
wesms eoniderations of nron~id ronditem., an insight wons i CAPIUMAE r ~ 5

akad with direetion for improvements which could not be
gasnwred by ainy other way. This paper represents the lull rt.,uort
of amha tdy.

KEY' WORDS: Direct Reading (OR) Ferrograpm. influencing
psaameters, mathematical model, analytical readings,. wesr
Prediction &IE

INTRODUCTION Fig. 1. Schematic Diagram of DR Ferrogyp.h

Monitoring limbricatIing oil tor weir part ickes has been mnit to illeast is t he opt cal density readings. I'he first is
acecepted as a %-alistic anti economiiiic notndestrutctive located near t1l1v entry of' the precipitator tube where
mlethod for tillagosis antd pretdict ion of machine mal- large. L. particles (> 5 Am) are located, and the second
Itanelon 11. 21. Among the many inciliods available. beamn crosses the tube where the smaller, S. particles
the D~irect Reading tl) Ikrrograph. develtoped bcy (I to 2 p~m) are deposited. An clectro-optical system
Irans-Sonics. Inc.. Provides rapitd monitoring of wear senses the attentuation of light by the wear particles and
wit~houl the nleetd for timie-constuming analytical pro-. indicates the attenuation in terms of l)R units on a
cedtircs 131. In operation, the l)R Ierrograph inagneti- digital display. Fi1g. 2 gives a schematic tof the toptical
cally precipitates the wear particles troni a representative system. Absolute and relative values ot L and S are used
fluid sample and provides digital readings of both large to) interpret the wear situatitin in the machinery.
4> 5 ;fill) anti small 4 1 ito 2 pill) particles present in the More information can be found ton the system in
fluid. These numerical readingsp and their relative values Ret. 13. 5. 6. 71.
indicate the condition of the wearing machine. When the
l)R Ferrograph indicates an abnormal wear situation. A great advantage of the D)R Ferrograph is the speed
stelailed analysis for size. shape and materiat of the wear and ease ot analysis of a wear situation. Additionally, it
particle% can be tdone (in an Analytical Ferrograph 141. requires little specialized training for operatiton. P'redic-

tion of' incipient failture by the DR Ferrograph or de-
Fig. I shows a schematic diagram of the DR Ferro- cision to go for detaited analysis depends on the accu-

graph. Sample oil in the viat tftows under gravity ( by racy and reliability of the instrument. The Fluid Power
siphoning) through a precipitator tube. Magnetic wear Research Center at Oklahoma State University has used
particles are deposited on the bottom wall of the tube the DR Ferrograph for analyzing the wear in hydraulic
under the action tf a high gradient magnet. Trhe particles systems since August, 1975. During this period. it was
are deposited tin the tube according to their sine with observed that large variations were present in the DR
larger particles near the entry side ot the p.recipitator reading% from the same sample. An analysis of this
tube. Two fibre-optic wensors are provided in the equip- Ferrographic process will assist in defining the nature of

Copyright V) 1979 try the Fluid Power Repearch Center. Oktahoma State Univertity, Stiltlwaber, Oktahoma.
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Low "WTOBASIC ASSUMPTIONS

Ille tillttssill" a-loisii 1 .sn si, me made iii stem' Ilse

iliallieliia Iiosdel. liii,, lea;ds Iso all Ideall/ej sitat~ioll.

A.\l% dISS 1tol Ii 11 Is l siiIlisi*ite iiiols11.dead its eclted

MAIWAMA~~s VIL I PAOTTRY ills le rssgraii. pissce- will ti .1w sdee ill detail.

CAMLAR 1U Ilse.' Lirli iles in lite .ainle are spherical iii shape.
* t

5
.; I i. Is 11si '.l 1 r I~s s Im enosughi Ilst lsi.it Isc

111 7 1i laiei 111

I ii IN 5 1)1.11mi) tsisare negligile anti lit' hurtice
.M V~it TOn inTLI TUEal~o.l % isteahLa.41 basest on fuindlamnal I

I I-If 

1to ci miics sit ilaguiefic poperties,

Pa OI lte a-sim ims'ssi thati l is. iartisls Lite spherical iii

VI-le 5 Is iNo sesiI' , I 11"'.1 oft paicsle shlape antiI si/cv
LAW 555ii 3 %%ill be sisali ksill in dlgil t i te Jsl iss nss part sit the

Via. 2. chirmuaLic iii Uss, Optical sulmi. t'atwr

MODEL OF FLUID F~LOW
Ills:. variation Il y sIentifyinig critical paramileters whichi
co11nrl t he tihiavisur ofsthle aiiaIlysis systemll. Samle~l Ilii tl is 'siptisisic it liogh a5 caillary lo I he

Ref II Ii.isCriiest is.e ies IsitI ~e insh s~iiit's. pIeCuPstaissi tuble ald ishell lIs tile wsse t14)11tti hirough
Ref. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .5 5'J detiisfl fetil iefudsml: aletilt 0 e11w If s Msis of file tillist is no~rmlly

visluic iif DR reading%. In tis paper, all analytical aboustt , scclilii. bti iisulreinent\ have shown large
approach lt lite OR Ierrssgrapliic p rocess wilt lie pre- iii i var iial. Sinice ihc loss i Isiw. lte Reynoilds
sentest. Based tll lie mode~Isl tivleds. d1isc ussioin% aic numb11er is far lc,, thin ~'O 0 andi hence.- it is liinmar.
adtvaniced olite etfectI (it' viris n's paralilers il! I0te I sir exasss ple. s's li MI f-I -56(I6 pe ristessn fluidt. the
IMR readings and till fiiproveanilus% poissible sir redliscilig Reynoldshs numbser. R_. in lte psecspitatsir tithe witt be:
I he scatter in lte reastingrs.

Re ( Q = rO.S IXoi ir 5 1
BASIC PROCESS OF THlE DR FERROGRAPH L A L 0. II u 5  I

The tiasse DR Ierrusgraptic process call be -a-5

msaru/es a%: where: lit = ule sit sit In id = 0).8 gill/cc it dianieter
of thte precitmi iitihe 0. I5 ciii Q = tfsow th rough

1. I'reparal ion of suamiple. the pirecipitati i cc/niinute: u viscolsity oif the
%samlple tluid It0.1 ri l: andi, A = area of the precip'ta-

2. 0%it. h fluid '.rousgh fit!- fos rbs' sr 1,1hi., = w,1214.

3. Precipitat sil of particle% unsder lte actioin of a In the c.,uillary Ititie Iinternst diamieter ot the eapit-
high gradient magnetic field. tary is approxismatety 0.5 mms on the average), the

Rey nold~s number wosutd he aboiut three times that in

4. Measusrement sir the osensity as DR units by the the precipitator tube. It we take it asccoiunt the
electro-spticah system. intfluence osf 'solvent added tol the flids assuming the

samse tfsow rate. Q. the Reynolds nusmber woutd he
For the analysis presented here. it is assusmed that the double the value a,; mentioned earlier (assuming solvent

sample is prepared according toi the procedure given reduces visicosity by half). In any ca,. the flow iii the
in Ref'. 151. 11 is fturther assumed that the sample has a tithe is a low Reynolds numbewr taminar type.
tniformi and even distribution of particles and there is
nol agglosmeration il particles. Normally. the "dirty The path ot the fidid flow is shown in Fig. t. It
fluid'* frosnt the system is mixed with a solvent solutioll consists (it a capillary tube section. precipitator tube and
to reduce viscsily and to rediuc.e the agglosmeration oif as delivery section. It the capillary Itube is assumed to he
particles. The solvent would futrther help in dissoilving circular in cross-section and unirormn in diameter, then
soime or the unwanted contaminant of ntln-wct~r origin, the tlow under gravity through the system with the hetp
The sampling process will not be discussed further in oif the Ilagen-Poiseuille equation can he predicted.
thi paper. Ilowever. the flow process ansi the particle Ilowever. since the effect sir losses at entrance and exit
dynamtlis will be amalyzed in detail and the effect of (if the titbe sections must lie considered, this makes it
thew paranlsteps sin the elect ro-or tical system outlput. a tedious effort to obtain an analytical expression. In
thatl an. DR readings. will he investigated, principle, the system works like a Rankine visco-
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Reynoils ntiniher f'limu slild he gis en. Ref. 1 101 ii define tile tfluid lii antl liter tlie iiol ittn t lthe weir
priaruss thit filie Oeo iti higher order t erms III v js. pai cbs'. Fig. .3 hows tile ctuomite a xe% Oiimen. '[he

citsiy itite iliw rate. 0. ill iihe inue predmtitinitui irigitl clittseil is ilie juinclitln tif the tithe hllitiul inner
when lte keytatuls niitihr is less thani 0.5. hit suchI suirface and end tif tie malgnletic asseitly with lite

aus s withi highly %iscumis lushruciiing oils.te Re%- X-ax~is perpetidictlir iii tlie ixis tIf le tithe andl /-'axs

iulis nugliher sh,,ti!l he checkedl Iii avi du e Titei, a limn the direcltili oi' floiw. The Y-ai s is selectedi liter-
results. ally . is shotwn in Ft ig. 3.

l-Iiiii entering lte prec ipititoir lithe fri tt lie cittil- 0.sing clissicil mu lysis. i le veloicit y dist rihuticon in
lary is deel-erated since- lte precipititole k bc irger itt the pipe- cmo.s'v-im ionis paranuii I II1I with inaxitturn

X-ad

PRECIITATOR

a-x

CROSS BECTiON OF THE TUBE

rig. S. cortlat. Axes.
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veli~ty at the ce.nter of' the pipe. as show~n in Fig. 4. Fig.5 hlo%, lte various frce acting on j miagnetic
hevelocity in fihe /.-direction. li,. at any point it) the particle. %eldcting gravity and buoyancy, lte various

tube cris-scliin is given hy; torcesa tving on thle palticles are discusscd t~lwi)%:

P11CpATON TUN.,. o.n

u FLU&VEL/C0

V:--. ''

ASSUMSO-, TOf

I WLCSTAN 

"-P*RIC&I VELOCITV F~kC o50 60 335

POPLE
Figi. 5. Forces. tin the Maginetic Particle.

050SF 34 Magnet ic forc. V. is given by:

Fi. 4. Fluid grid Particle Velocity roofili. )3 d
where: tlavI = average fluid velocity in thie precipitator 6~i. 1,
tube. r = radius-at any point where velocity is nicasurcet.
and K - the radius of the precipitator tube, where: 1) = tiamieter of' the particte. K =voltume sUS-

ceptibility ot the particle. 11 - reld intensity or' the
The average velocity. titav). is given hy. miagnet, and dillx -field gradient ot' the magnet in

the X-direction.

U (3 ~ At any cross-section of the tuhe, the values of 11 and
dll/dx change. however, it can be assumed that this
vatue remains constan along a given cross-section. The

where: Q - flow rate through the precipitator tube, anti magnet in the D)R lFerrograph has its value of 11 tdil/dx)
A = area of the precipitator tube = i(2. varying along the direction of tluid flow.

The purpose in developing the model is to find how The drag force acting on the particle can he divided
the fluid flow affects thei, wear particle deposition in the into two components one in the X-direction and the
precipitator tubhe uinder the intlulence of' the magnet. other in the Z-direction. The drag forces for the low
The next section discusses these aspects of the particle Reynolds number low are given by Stokes Law.
dynamics. Drag in the X-direction by Stokes Law is:

PARTICLE DYNAMICS Fda -3vp&0 OVst

Magnetic particle% entering the "magnetic region" where: Fd - the drag force on the particle in the
travel toward the bottom of the precipitator tube under X-direction. p = absolute viscosity of the 'fuid, and
the action of the magnetic forces. The forces acting on V. velocity of the particle in the X-direction (towards
the particle are gravity force, magnetic force, fluid drag, the magnet).
and lift f-rces. Reference is made to a companion paper
by the author on the analysis of an Analytical Ferro- Another force acting in the X-direction is the hydro-
graph 1121 in which a detailed discussion of these dynamic lift, which will he small compared to the
various forcex is preswet. In Ref. 112 1. it was shown magnetic forces. It will be shown that the hydrodynamic
that the gravity forces are much smaller than the mag- lift on the particle has a strong effect on the initial
netic forces and these forces can he safely neglected for entrance of a particle in the tube.

j the analysis. In other words, in the absence of a power.
f'ul magnet. thefre would he very few wear particles In the Z-direction, the forces acting on the particles
deposited inside the precipitator tube. It is further are the component of gravity trying to move the particle
shown later in this section that, in the absence of a against the flow and the fluid diag trying to move the
magnet. the chante of any particle getting deposited is fluid along the flow. in practice, these forces are small
nil due to lift forces acting on the particles, enough so that the particle velocity is approximately
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the same as the fluid velocity. This assumption st ms D2

from the basic flow visualization techniques in fluid VT. K Hd (10)
mechanics measurements 1131. Consequently. in 11L dx
fIq. 2). we can replace fluid velocity. Us. by the particle Subitituting f'q. ( 10) into fIq. (9)) yields:
velocity. Vs. Thus. the particle velocity in the Z-direc-
tion at any point in the fluid can e given hy: it

Now I it. (71 and (I I I define the copnllete notion of
the particle in the fluid. rhe parameter tine. t. can he

)ifferences in fluid velocities on top and Ixotttii eliminated from Eq. (7) and (I I ). Dividing Fq. (7) by
surfaces of the particle (due to parabolic velocily pro- h-. ( I I ) and rearranging.
file) cau.e it to rotate, deriving energy from the fluid .36 p. t'fd
stream. Suh.squently. particles lag hehind the fluid dz a- 23R-x dx 1i)
velocity, lag being maximum near the walls due tot a K H'
higher velocity gradient. This difference in velocity is
shown %chenatically in Fig. 4. Even though this velocity It may appear from l-i. (12) that y is also a variable
difference is small, it develops lifting forces oin the in the pariicle path in the tluid bet-ore it gets deposited.
particles. Ilowever. it can hL o erved that the position of the

particle should not change laterally (in an ideal situation
Eq. (6) gives the motion of the particle in the Z- wit hout considering the etfect of lift or tube wall), since

direction. Expressing 1:q. 46) in terms otf Cartesean there are no latral forces acting on the particle in the
coordinates. (See Fig. 3.). V-direction. Ilence. in -q. (12). the lateral position of

the particle. y, can be cotisidered as a constant depend-
'' -- U|,| I *.),. , ingon ,lie initial position of the particle as it enters the

Vi=d- t '-' (?) "magnetic region." Thu. by integrating Fq. (12) with

appropriate limiits of integration, thc final position of the
fron which particle inside the tube wall can be obtained. To find the

dz 2 limits of integration. the starting point is at the edge of
S the magnetic assemhly where z = 0. The particle enters

R this region at some point (x,. y.) at z = O. After travel-
ling through the fluid as per Eq. (12). the particle gets

.q. (7) defines the velocity of a particle at any point deposited at sone distance z. from the entry region.
in the precipitator tube in the Z-direction. One more Bu!. now. the magnitude of / cannot he selected as a
equation (assuming no particle dynamics in the Y- fixed value for any initial position Ix , ye) due to the
direction) is needed in the X-direclion to define the curvature of the wall. That is. particles near the wall
particle motion. From Eq. (4) and (5) by Newton's (laterally) would touch the wall earlier than the particle
Law. which happened to he in the central region. Thus. it is

"0 dH .. ,O dV necessary to integrate the equation with the variable
~KH 3 LtDVCr(' _a (a) limits.

where: p = the density of the particle, and dV. = dt = Fig. 6 shows a schematic of the effect of the tube
o ocurvature on particle deposition. Particles which hit the

acceleration of the particle in the X-djrection. bottom side curvature of the wall, as shown in Fig. 6.

According to Eq. (8). the particle accelerates toward would he expected to roll down to the Iottom of the

the bottom of the tube: however, the resulting increase tube. Such particles will obviously occupy an earlier

in velocity. V3. increases the drag monotonically. After position in the bottom of the tube compared to a

a lapse of time, the drag force becomes equal to the mag- position z, if its initial position were in the central

netic force, and the particle can no longer accelerate. region. The result could be a wide range of scatter in

From there on, the particle travels in the X-direction the output density reading of the equipment. However,

with a uniform velocity, V, (known as the settling the situation is not all that bad, since most of the wear

velocity). It can e shown that the time required to particles, if not all, will enter the "magnetic region" at
the central region of the tube. To substantiate this, it

achieve this ,tiling velocity is a minute fraction of a is necessary to look more closely at the role of lift on
second 11-21 and, hence, the motion of ,he particle in particles and the geometry of the capillary tube in con-
the X-direclion can be completely defined by tlie trolling the location of the wear particle in the fluid.
etlling velocily.

V11 a- VT (9) RADIAL MIGRATION OF PARTICLES

The negative sign for V , is dtie to the downward In the previous section; the motion of the magnetic
notion of the particle. The niagnitusd' ,of VT in l.q. 44) particle, once they entered the region of magnetic
is obtained by forcing the acceleration. dVtdf - 0. in influence was presented. The initial position of the
Fq. (X) and replacing V. by V. Subwquenilly. from particle in this region was assumed to he an arbitrary

Ifl. iKI. value ix. y.. In this section. a look into the previous
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PARTICLE TRAJECTORIES

Y.

%f a

PARTICLE IlsPARTICLE TRA.ECTORV
DETiATES FROM PARTICLE ITS THE WALLA

THE WALL FOR V., .0 VERTICALETO W AND SLIDE 0OW
(FOR SAlfi xe) = LOCATION OF PARTICLE FOR yo0 0 I~Ct~S 3

Pta. S. Trafectory of a Particle of Given Diameter for bifferent
Initial Posaition (Xo, Y.).

histiory of lte particle before is relihes the "Iii znetls higher andi [Ile. initial dislairinctes die out list. we canf
region" will he given. as,.ulne that the denser particles are around the central

region ohl (li tlc whet they enter the mlaagnetic regiomn.
The motlion iii a maixtu re of' solid particles and fluid In other words, the initial posit ion Isx0 .) of' the

in a pipe is fountd in tnany engineering and naatural particle can hx, approiattnaed as So R. the radius cat the
situa~tions. Transportation of' solids through pipes oar the tubhe.
Iravel ot bloodi cuarptuvls in blood are typical examples.
1t has been tfound by many observers. thit fluid particles Based oin the 3boVe assumtptiont that particles enter
IlaigtratV to a certain regtion in the pipe 11.3. 14. 1 51. the rcipitator tube il the center, the location of
The reason foir this lateral migration is saaid ito hL the lift deposition oft the particle can Ie eStahhished.
forces acting on the particle. G;ravity his a Strong I sect
ouver the dirction of maigratioin of' the particle. lacre7M
extists considerable differences 3a1 opinion amtong variotus
aut hors oin lte Magnitutde ofat. e ataigra live forces and
Velocities. lThus. it is necessary faa restrict this discussion . . . .... FO
it) the qultial tive results. of lte abuse observation in FLO.. .. W..j.. -

controilling the Ferraugraphic process.

'rhe radial~ migration taf particles can he summarized
as follows: if thle particle is denser than the fluid me-
diunm anti if the fltow is tupwartd (fiat necessarily vertical).
the particles try ito concentrate in the form of a ring FO
between the center and wall of the pipe. If the part icle% *

are ltgnler Itan the tluid. they nmtve toward the wall-.
If thle flow direction is reversed, this tendency is reversed
with btutyant particles occupying the Same poasition.
r-his Situatitin is% shown in Fig. 7. In the fluid sample
being analyzed, it can he assumed that the particles of*
wear origin tar non-wear origin are denser than the fluid. FLO

4 11nAsequntly. during the initial travel of the particle i
the capillary tube, the flow is downward (See Fig. 1.
and, hence, wear particles which are denser than the Free 09U -u 337
fluid tr to umove tto the wall of the tube. In a later stage. Fix. 7. Mtgrlanto of Particles in a ftowaaa Fluid.
the flow is upward and particles tend to try and move to
the center taf the pipe. It is dihfficult to predict the net DEPOSITION OF WEAR PARTICLES
effect of this phenomenon; however, it can be presumed
that, when the particles reach the exit of the capillary ti. 112) gives the dynamics (if the particles as shown
tube, there will be a denser regioan of wear particles in earlier. Integrating this equation between limits 0 to 7.
the central area taf the capillary. and x. to 0 liar x (y is taken to be yo) yields the lca-

titan. z,. of' the magnetic particle on the iultsms of the

Fig. 1 shows the entrance of' the '.*;pillary to the precipitatior lube, that is.
precipitator tube which accommodates it capillar zda -36 e U Wt Aa(3Jlie) approximately at the center. Considering the fac 0 f' QXR Wi

tha te eloit o fuidenerngtheprciittis RY 0 M a -
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or til np arin I I (1. 1131 andi I it. tI t (canl be well tliatI

36 ~ Cay)CR -if 3 part ivd is trasellilig farther front the entry point.

R2DKH d 3 flu*c tiepril t e eoie i a tater rate.
In7. lei te ords. according to 1q. 1191.I~ larger 5i/c Isarti-

It y. is small comlpared with x. that1 is. I he paricles cdes will not lie deposited very faraway front tile entry

are initially at the central region ofl the lube. then. region. lI tile D)R ljrrograhli. file optical density
readintgs for large particles. L. anid smaller particle%. S.

2 13i re taken ear file entry andi a few millinietres

a, 0 RK 1) sy 5 mmo front thle entry psoint lIn this region. the

R 0 KH -'variat ion of 11 (dl lids) is not applreciable: andi. hernce.
dit I q 11 3 ) through ( 16) will he used for futlher dicssion.

Substituting for tavi from Eq. 131 into lEq. (14), PIA ESIYRAIG

3z s 22 V ) (15e) A, intentiined it thle beginning of [lie paper. the
42 dH O 3 density reading., hcar [lie entry. witere large particle%. L.

w 4  ;Ir are posit ed anti1 if anoth Ier location near the entry

where smnaller particles. S. ire deposited, give lte raw
SUthStit LI ing fo~r Q fronm I q. I Iinlto it. II151 yields,: data fot* analy/ing lte weir sitution. IThe elect ro

olt ial system(I ilteislure tile 01101li of(ilight blocked by

2 K wear particles andi expresses this as Idirect) DRK readings

3CIRi* - on a Ligital envier. 11.I'll axiliui Il reading thIat can ble
zV9 (S) obitined without losing linearity according to the

vR manuftactulrer is 100 OR units on large or small particles.

lienecssay i) res-li geera cmmets n ltedensity
Eq. ( 13) through 4I 16) are tlie various fornis ('or readiig% based ott the mtodel developedi.

expressing tlie location of the particle tin til h otor(n1 of
the precipitator lbe. l. 11) shows thlatl ite locationl of a particle. z '

is itiversely plroportional Itl tile squ~are ofilec dialieter of
In the l)R ierr(Igrapll. tile mlagnetic parailir. tile particle. 1)2, if' x. remains constant. If' x. = It. that

11 (dll/tdxl. varies along the /.-(irectioln. In lte absence is. tile particle entiers tile tmagnetic region at the center
of any other W- M lief. I M) shows a wJcr)el;jjic of file of (he Iulse, ijien Eq. I I bj is:
variation of LilI/dsx along tilhe .-d irectilln as a polyniioat

function tlf M . it is asslled that tile variatio oIl(f tile 2C~(
mlagnetic paramleters is: VRKH - 24 (2J

Md msd det If we assumre that at the central region of the tube.

where: 11 id~ll/dxl) =the magnetic paratmeter at (lie the fluid velocity remains constant (See Fig. 4.). then
entrance region oft the particles. anti nei = a constant. Eq. (20) approlximtately represents the deposition of all

the particles eltering this area. Subsequently, particles

Accordingly. itl. ( I I) can be modified as: oft a given diameter. D, entering in a small area around
the axis (If the tube will get deposited in a specific loca-
tion. (Tile particles will he deposited in a spleccific el-

.S~a KH AH mI1) lpe.Fi.8sosti iuainih mte h
dt dxdiameter of the particle, the larger the area of deposi-

tion. Alternately, if it is assumed that equal numbers of
and. stbsemuently. tiq. ( 12) will be nmodified is: particles of any diameter exist in the sample then the

number offparticles in a given field of the optical system,
-a 36p~ U(Gv 22 say. L or S, will be nearer the entry region. Accordingly.

*'dZ~ - * , (2xR-x -yAdi (18) the density readings increase: sharply toward the entry
KH dx. region. Note (hat this iocreased density reading near (he

dx. entry region is due to the larger diameter of the particle

Eq. I 1) can be integrated for z, varying from 0 to z (area = ffD2/4) as well as the increased concentration of
and x varying from x. to 0 as in the derivation of the particles. h~owever, a difficult situation arises if the

Eq. (13). Integrating Eq. 4(18) with the limits ahove and machine wear produces more smaller particles. Since

solving for z, yields: smaller particles cannot get deposited (as per Eq. ( 16))
51near the entry, a condition may exlist whtn readingS

M.m'36a U llv) 2 X~ 2 will be greater than L. In other words, the DR Ferro-
3 K graph is more efficient in detecting a severe wear situa-

D KH L Kt tion when larger particles are being generated by the
R Hdx (19) machinery.
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A magnitude of tie fluid flow. This result is not surprising
since. if flow incrcases due it) vis osity, tile settling
velolCity should he higher due it reduced drag and the
particle gets deposited at the satne location. Ilowever.
it the Reynolds numbler becomes less Ihan 0.5. the

TufAg flow may lbe I function t higher powers of viscosity

Await and thei density reading,% will be' affecled by both p
and Q. In actual practice. thi s situation may not octr
a[ all. Other tactors which af'vct the flow are the height

..... r''' ull/// r rl -7 77" tile sauple vial (This should be kept constant when
A1 AMAS comparing different readings.) above the delivery point.

Variation in (Ile cross-section oit'h .e capillary can cause a
Fi. ft.. Figure Showtng the Tralletory of Partltes. change in flow properties.

Optical density is read when the list portion of the

%alnple fluid lows through the precipitator tube 1I.
As per the operating instructions by the manufacturer.
the reading. 1 and S. should be set equal to zero thy

TUe operating adjustahle potentiometers) when the fluid
- .-- sample initially passes through the tube. Thus. it is

assumed that the cleanliness of the fluid is uniform so
that the light attenuation by the fluid will remain the

..............I . ..., ......III anie. In the case of "'dirty fluid." a different method
FPrC Usu I0 336 must e Uited for density readings. This method emptoys

r clean fluid as reference before and alter the "dirty

A.rea -. " itple" is run. This, being a subjective rather than an
ohj,,'.,* decision, could cause considerable error in

Pta, A. Depoition of Prutcles. density readitgs. For example, water present in oil
may make it hazy or cloudy if the water content is

So far the discussion has been based on the assump- above the saturation level I181. Further, growth of
lion that the particles enter the "'magnetic region" in the inicro-organisms 1Ii could be accelerated by the
central region of the tube. If some of the particles enter presence of water which could again contaminate the

farther from the center, hut are not laterally shifted fluid and make it turbid. These reasons, together with

(that is. x. any position but yo 2 0), then those parti- the effect of other non-wear origin contaminants.
cles with x o > R will get deposited farther from its could influence the oil quality in terms of light attenua-

ideal position. as discussed earlier, while those particles tion. Hence, it is advisable to assess the sample before

with xo < R*will get deposited before the ideal position. it is run whether it appears to he a "dirty fluid" or not.
If an equal probability for x. to he less than or more
than R is assumed, then the contribution for density Magnetic 'roperties

readings frot these particles at any tocation can he

assumed to be approximately the same. In another case, The tocation of a particle. z, as given by Eq. (16) is
the lateral initial position. yo, will be comparable to x o . inversely proportional to the volume susceptibility. K, of
In such situations, the particles would travel toward the the particle. This rs a property of the material and the

magnetic field, hut keeping the same lateral position magnitude depends on many factors, such as the mate-
until they touch the tube wall from where they will rial. field intensity (li), mechanical and chemical pro-
roll down to the side of the deposition. The contribu- cesses due to wear, residual stress in the particle, and

lion to density readings from such particles are similar aging 1171. These variations are difficult to generalize
for large and smaller particles on an equal probability and may depend on the machine under investigation and

basis. This argument is valid, even if the trajectory of its current wear stage.
these particles bends toward the axis due to the in-
fluence of hydrodynamic lift. (See Fig. 6.) In conclu- Spherical particles as in "fatigue wear" and plate-like

sion, the model developed, as given by Eq. 116), can he particles as in "normal wear" form strings in the mag-

ued for qualitatively assessing the Ferrographic process. netic field (as seen on an Analytical Ferrogram). This
causes agglomeration of the particles and forces them to

VARIATION FROM IDEAL he deposited earlier on the tube, as if they were larger

FERROGRAPHIC PROCESS particles.

*When various samples from different machinery are E'ffect of Shape of the Particles

analyzed, many of the parameters like fluid viscosity,
flow, particle size and shape, etc.. are uncontrollable. Most of the wear particles have non-spherical shapes

The following pagsa describe how these parameters (except "fatigue wear" particles) which can be described

could affect the DR readings. as fibrous, flaky, irregular and angular. Their behavior in
the fluid flow can be different from that of spherical

Eq. (16) indicates that the Ferrographic process particles. In general, they have higher drag and lift

will be unaffected by the viscosity of the fluid and forces acting on them with the result that they could
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travel farther in the fluid than if they were spherical. I. "lhere are contidcrahlc variations in tile shape and
Ilence. it should lI. accepted that scatter in density si/, o1 tile capillary tut. which ss ould create
readings can he critical in wear situations where both iltert'nI 1hi0 effect%.
spherical and non-spherical particles are being generated.

2. Tle liquid Rcynold, number is %ery Im thighly
I:jEj'l t oJ Nn.,Mugn tic Ptrlitik.. visc u . I hick fluid ).

It was shown earlier that particle% having the same 3. A wear situation it tile iiachine produces very
density a% the fluid would migrate to form an annular tCvu large particles.
ring in the capillary tube. Insoldiahlt contaminants may
have more or less the same density as the fluid. Subse- 4. Wear particles it the sample con(tain a consider-
quently. they would he washed away will) [he iluid able aitount ot magnetically weak flow volume
without being deposited in the precipilator tube. Otlier susceptibilily. K) particles like oxides.
non-magnetic particles, like hrass or aluminum which
have not been stre.sed by the wear process. might mi- 5. The sample fluid is "dirty' with carbon particles.
grate to the center of the tube and get washed away. water. nticro.-organists or other metallic particles.
Thus, in the I)R lerrograph. a deposit of primarily lAssuming a clean fluid was not used as a refer-
magnetic particles can he expected. ence.)

I:yJfio iJ, Sample V'rwinc' und Cn.enlralio, It may lie noted that sotme of these factors can he
taken into consideration by the operator. while others

In an ideal situation, the sample volume or concen- are dependent on lte naltre of tle wear process.
tralion of particles in the fluid should not affect fte
model developed. II.Extreme concentrations cannot lie It has Ieen shown that the lift forces an(' the loca-
achieved in any wear situation; hence, fluid propterties lion (1" tile capillary tube in the precipitator tube force
can be assumed to remain unchanged. I ilowever. at the wear particles to enter the "magnetic repion" at the
higher concentrations otr sample volumes. an etxorbitant center of the precipitator tube. Any deviatio;n from this
number of particles may he depitsited in the tube and initial lcatioa to a non-axial position would cause the
the density readings will show ntnlinear and saturated particles Ito he deposited at a different location. The
characteristics II. At lower values of concentratiotns conlributlion to density readings front such particles
and sample volumes, the density readings may not lie may not affect the density readings, if the relative
large enough to be statistically accurate. In such cases. utmber of such particles is small. Also, the influence of
the sample volume has to be adjusted to get the density such particles could he eliminated all together if all the
readings in the operating range of the equipment, particles were axially located at the entry point. It has
However, another factor with a high concentration of been further shown that wear particles are forced to the
particles could be an inordinate scatter of density center of the tube (by the lift forces). if the flow is in
readings. This is due to the crowding of particles near an upward direction. Thus, if the capillary flow is
the center of the tube as a result of the lift forces and always in an upward direction and the length of the
their possible agglomeration in the magnetic region, capillary were increased, then the wear particles would

indeed he expected to he axially located when they
enter the precipitator tube. This could he achieved by

DISCUSSION using a siphoning action with the delivery tube kept
lower than the sample vial for a gravity head or by

From the model developed and from its interpreta- mechanical action.
tion presented in the previous chapters, it is apparent
that the DR Ferrograph should effectively predict the In Ref. 161. the degree of wear in a machine was
wear situation in a machine based on the density read- expressed by a Severity Index (I.) factor. This Severity
ings of large. L. and small, S. particles. The results of Index is given by:
the paper so far can be summarized as follows: a 2

I. Density readings near the entry region tsay. L) will l AL -AS

he greater than the readings downstream of the where: AL = the density reading at location L, and
region (say, S) by virtue of larger particle sizes As = the density reading at location S.
and higher concentration of particles in that area. This index is affected by the location of the particles

2. A particle of a given diameter is deposited in a being shifted due to the difference in shape of the
specific location of the tube. A change in viscosity particles, as mentioned earlier. Also, in a normal wear
(by using a more viscous fluid or by adding more mode, density readings at location L could be con-
solvent) and a corresponding change in flow does siderably reduced. However, if readings are taken at
not affect this deposit location, three or four locations, along the flow path instead of

two locations, the magnitude of the readings at these
3. Non-magnetic particles are not deposited in the locations may produce a better prediction reference.

tube due to the lift forces. If R1 , R2 , R., and R4 are the density readings at four
locations from the entry in that order, an expression

Scatter in density readings would be noticeable when: for the Severity Index could be given as:
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where: I - a weighting factor for the density readings
near the entry region so that the value of It decreases 10. Kestin. J., et al.. "'Theory of Capillary Visco-
along the length of the tube at the four locations. meters," Applied Scientific Research. Vol. 27.

February 1973, pp. 241-264.
Such an index may more accurately identify a serious
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THE EFFECT OF NON-MAGNETIC AND WEAKLY MAGNETIC
PARTICLES ON THE FERROGRAPHIC PROCESS

K. Nair Editorial Manager: E.C. Fitch A Research Docwnentary

ABSTRACT: Non-magnetic and weakly magnetic particles occasionally
get collected in a scattered fashion on the Ferrograph and affect
the density readings. When it is known that the particles are of
non-wear origin, the efficiency of the equipment can be increased
if the particles are separated before the Ferrographic analysis.
Various methods to separate the non-magnetic particles from the
fluid samples are presented in the paper.

KEY WORDS: Ferrography, non-magnetic particles, weakly magnetic
particles, magnetic separator, fluid sample storage.

INTRODUCTION

Ferrography [1, 2] is a newly developed technique to evaluate
wear phenomena in machines utilizing the analysis of wear debris.
The method is nondestructive and involves the analysis of lubricating
or hydraulic oil samples from the machines. The operating principle
of the equipment utilizes the magnetic properties of the wear particles
in the oil sample. Commercially, two types of Ferrographs are avail-
able: the Analytical Ferrograph and the Direct Reading (DR) Ferrograph.
A variation of the DR Ferrograph is used for 'on-line' wear monitor-
ing, the equipment being designated as the Real Time (RT) Ferrograph.
In all the equipment, a high gradient magnetic field is used to trap
the magnetic particles in the fluid sample. In the case of Analytical
Ferrograph, the fluid passes over a glass slide below which the
magnet is located while in the DR Ferrograph the fluid passes through
a tube located above the magnetic field. Fig. 1 and 2 show a schematic
of the two Ferrographs. It is assumed that the reader is conversant
with the operation and applications of the equipment and, hence,
further details of the instrument are avoided. More details on the
equipment can be found in Ref. [3, 4, 5, 6, 7, 8, 9, 10, 11].

It is evident from the principle of operation of Ferrography
that the essential criterion for proper functioning of the equip-
ment is that the material should be magnetic. In such a case, the
machine can function at its best if all the wear particles have
the same magnetic properties. However, there are many situations
where the particles in the fluid are either weakly magnetic or non-

magnetic. In some instances, wear particles from the same machine
can have different magnetic properties due to mechanical working
other environmental effects. Presented in this paper is a consider-
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ation of the effect of the weakly magnetic or non-magnetic particles
on the Ferrographic process. Also, a detailed test program is ad-
vanced for the evaluation of the effect of non-magnetic particles
on the efficiency of the Ferrographic equipment. As mentioned
earlier, there are situations when non-magnetic particles in the
sample may not be of wear origin. (Typical examples are particulate
contaminants or other non-magnetic metals when it is known that
the mating parts in the machine are made of only steel or other
magnetic materials). In such cases, it is proposed that suitable
means be provided to divert non-magnetic particles from the fluid
sample before it is passed through the Ferrograph.

BACKGROUND

The Fluid Power Research Center at Oklahoma State University,
seeing the potential of the Ferrography, has acquired the equipment
for diagnostic and prognostic studies of hydraulic equipment.
Tessmann [12] has shown how Ferrography can be effectively used
to evaluate the contaminant wear in hydraulic pumps. Smith and
Tessmann [13] have shown that Ferrography can accurately diagnose
impending failures in hydraulic systems of mobile equipment. It
was observed that, occasionally, there was some amount of scatter
in the density readings on the Ferrograph from similar fluid samples.
Subsequently, Kitzmiller [14] conducted a series of experiments and
proposed a standardized test procedure. Nair [15, 16] further de-
veloped analytical methods for predicting the deposition of wear
particles on the Ferrogram slide as well as that in the precipitator
tube of the DR Ferrograph.

Limited experiments were conducted at the Fluid Power Research
Center for evaluating the performance of the Analytical Ferrograph
when non-magnetic particles were present in the sample fluid. Fluid
samples containing 0-10 pm AC Fine Test Dust and 50-400 pm aluminum
particles were separately prepared and Ferrogram slides were made
using these samples. It was found that some of these particles
got deposited on the slide and gave unacceptable density readings.
However, when fluid samples from wear tests on hydraulic components
were used for making the slide, the number of AC Fine Test Particles
were none or few. It is hypothesized that the magnetic particles
get deposited faster on the bottom of the slide and non-metallic
particles (AC Fine Test Dust, for example), if they happen to get
deposited on the slide, roll down the slide since they will be
away from the boundary layer (where velocity of the fluid is non-
zero). Analysis presented in Ref. [15] reveals that the probability
of non-magnetic particles getting deposited on the slide is fairly
low. This aspect will be discussed later in the paper.

It is interesting to note the experience of others who have
successfully used Ferrography for wear monitoring. Ruff [5] states
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that "a large non-metallic particle" was seen at the entry in one
of the Ferrographic readings. Also, among the deposits, organic
coatings around metallic particles were observed in the same ex-
periment. This was thought to be due to chemical reactions in the
fluid when it was stored for long periods. In the same reference,
it is mentioned that sodium, potassium, calcium, etc,, were found
on the slide and presumably originated from the oil. Ref. [6] re-
ports similar organic compounds on the slide. Ref. [7] suggests
that waxes and gels are formed on the bottle-surfaces (when in
storage) and particles get trapped onto them. Jones [8] reports
the deposition of carbanaceous particles (due to the decomposition
of lubricating oil) on the slide in his experiments. Most interest-
ing experiments were due to Ruff [9] who conducted a number of tests
for evaluating the ability of the Ferrograph for recovering non-
magnetic materials. He reports: "An equal volume mixture of Si02
and Ni/Si02 (nickel impregnated Si02 used for the manufacture of
silica magnets) microspheres were prepared. Very few Si0 2 spheres
were deposited. The Si02 spheres were usually found at random lo-
cations on the substrate."

It was mentioned that organic materials might be formed in the
sample fluid if it was kept for a longer period at room temperature.
Also it is possible that, in such conditions, chemical reactions
and corrosion of wear particles might occur during storage. Ref. [10]
suggests keeping the sample at -20OF while Ref. [11] suggests a
temperature is expected to retard the possible chemical reactions.

The foregoing discussion was presented to bring forth the follow-

ing aspects of Ferrography:

1. Whether Ferrography is accepted by industry as the best
method presently available to the tribologist.

2. The magnetic (or non-magnetic) properties of the particles
in the sample have a strong influence on the Ferrographic
process when optical density is the primary measured output
from the machine.

3. Is it worthwhile to investigate the possibility of using
some techniques to reduce or nullify the difficulties arising
from the non-magnetic particles, especially when it is cer-
tain that they are of non-wear origin.

4. Keeping a fluid sample over long periods needs special atten-
tion since the magnetic property of the wear particles is
likely to change.

Based on these observations, it is thought that a detailed experi-
mental investigation is necessary for further improvement of the
Ferrographic process. The details of the proposed experiments are
worked out and possible schemes for alleviating the effects of non-
magnetic particles are presented in the paper. Before proceeding
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into specific details, a brief theoretical appreciation of the effect
of magnetic properties of wear particles on the Ferrographic process
is presented. It is shown that the theory accurately supports the
observations made by the FPRC and many other authors, as detailed
above.

EFFECT OF MAGNETIC PROPERTIES

The Ferrograph uses a high gradient magnetic field to trap the
magnetic wear particles. The force on a magnetic particle in a
magnetic field is given by [1, 17].

Fm = VKH d (1)

where: Fm = the magnetic force on the particle

V = the volume of the particle

K = the volume susceptibility of the material of the particle

H = the field intensity due to the magnet

dH - the rate of change of field intensity perpendicular
dx to the slide (or precipitator tube).

Fig. 3 shows a schematic diagram of the forces acting on the
particle. When the particles are very small, say less than 0.1 -
0.2 pm, it might consist of only a single or a few magnetic domains
and such particles easily get magnetically saturated under the
influence of the magnet. The force on such a particle can be ex-
pressed as:

Fm sV dH (2)
dx

where: Is = the magnetic saturation moment of the material of the
particle.

These small particles do not contribute to optical density
readings on the Ferrograph. This is primarily due to their smaller
sizes. Even if they get deposited, it will be mostly around the
exit point on the slide. Moreover, these particles may be more
influenced by Brownian forces and are likely to disobey the magnetic
forces. Larger size particles (say, greater than 1-2 pm in size)
are of major interest in Ferrographic analysis. It may be mentioned
here that a severe wear situation is represented by the presence
of larger size particles and subsequent increased optical density
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readings. In short, Eq. (1) represents the magnetic force on the
wear particle.

In Eq. (1), T and K are the two parameters which strongly con-
trol the magnetic force on the particle. Volume susceptibility, K,
is the property of the material of the particle while dH is a function
of the volume susceptibility and field strength, H. Tfs, there can
be a widerange of magnitude of magnetic force on any particle of given
diameter. The possible reasons for different magnetic properties for
various particulate materials in the sample fluid are given below:

1. Nature of the Material of Contaminant in Fluid. Iron, cobalt
and nickel, magnetite, are highly magnetic and they have high values
of K. They are called ferromagnetic materials. Paramagnetic materials
are weakly magnetic, such as hematite, manganite, coal and blood.
Materials such as cuprite are very weak magnetically. (Ref. (18)
suggests that cuprite has an attractability of 0.08 on the basis
of an attractability of 100 for iron). Again, many fluid contaminants
are non-magnetic in nature.

2. Mechanical Process of Wear Particles. Wear particles are
subject to high stresses, temperature, fast cooling, quenching and
annealing. Residual stresses and thermal cycling due to the wear
process can reduce the magnetic properties of the material [17].

3. Aging and Age Hardening. Impurities in iron such as carbon
and nitrogen can reduce permeability due to aging especially when
the sample is kept for a long time. [17].

4. Crystalline shape of the wear particles can affect the
magnetic property of the material such that, in some preferred
directions, it could be more magnetic.

5. Corrosive environment, oxidation, and other chemical reactions
can reduce the magnetic property of the material.

6. Non-magnetic material might trap a small amount of magnetic
material during the wear process and could attain weak magnetism.

7. Some materials such as organic compounds and gels will collect
wear particles and become magnetic.

8. Very small magnetic particles reach saturation, and magnetic
forces on them may be totally independent of field strength.

All the effects combined may change the magnetic property of
a particle (of wear or of non-wear origin) considerably. Earlier
work on modeling of the Analytical Ferrograph at the Fluid Power
Research Center [15] showed that the deposition of a particle on
the slide can be represented as:
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3

Zp D [gp- Pf) 4 KH dH" 3
.1z-[s.2-']]dxi (3)

where: Z is the location of the wear particle deposition on the
p slide

C1 is a constant based on the type of fluid used and
geometry of the slide

6 is the fluid film thickness

xo is the height of a particle as it enters the slide

D is the diameter of the particle

g is the acceleration due to gravity

pp is the density of the particle

pf is the density of the fluid

Fig. 3 shows a schematic of the details required to clarify
the various terms in Eq. (3).

Similarly, the deposition ef the particle in a DR Ferrograph [16]
can be given as:

C2
Zp 2 , dH (4)

D [ (Pp-rf)+KH dx]

where C2 is a constant.

Fig. 4 shows a schematic diagram for the explanation of terms
in Eq. (4).

From Eq. (3) and (4), it is seen that for a particle of a given
diameter, D, the location of the particle on the Ferrogram is de-
pendent on the magnetic parameters. In the case of non-magnetic
particles, the term KH dx will be absent in Eq. (3) and (4). Sub-
sequently, the location Zp becomes large. It can be shown that,
in a realistic situation with suitable numerical values substituted
in the above equations, the length, Z will be higher than the
length of the precipitator tube or thg slide Ferrograph. Thus,
ideally, no non-magnetic particles will be deposited on the Ferrogram.
In Ref. [16], it is shown that the probability of deposition of a
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non-magnetic particle in a DR Ferrogrdph is much less due to hydro-
dynamic lift and special nature of the design of the equipment. In
the case of the Analytical Ferrograph, as evident from Eq. (3), non-
magnetic particles could get deposited on the Ferrogram, if the
initial height, xo , of the particle above the slide is small com-
pared to the film thickness. Fig. 5 shows how non-magnetic particles
can get deposited on the slide. This is the reason why scattered
non-metallic particles are seen on the slide Ferrograph. Further,
it can be said that if the particles are weakly magnetic, they could
get deposited in a random fashion on the slide since hydro-dynamic
forces can be stronger than magnetic forces. In the case of the
DR Ferrograph. Also, large particles which are weakly magnetic
might get deposited inside the precipitator tube and, accordingly,
the optical density could be affected.

The brief theoretical presentation given here simply illustrates
that the experimental observations are duly supported by theory.
More information on the modeling can be found in Ref. [15] and [16].
Based on the discussions presented so far, a detailed proposal for
the study of the effect of non-magnetic particles on the Ferrographic
process is presented in the following pages. Apart from what has
been illustrated so far, such a study will be justified by the
following practical aspects of any oil analysis program using
Ferrography.

1. In most cases, a detailed study of the Analytical Ferrograph
(in terms of particle morphology, etc.) is rarely done due
to the urgency of the requirement for machine data.

2. Based on the above reasoning, it is better to pre-separate
the non-metallic particles from the sample fluid. Even
if the tribologist is adamant that he should have the details
of the non-magnetic particles, then a second Ferrograph can
be made from a separated sample which predominantly will
contain non-metallic particles. In such a case, more non-
metallic particles will be available on the slide.

3. In the case of DR and RT Ferrographs, there is no visual
(by microscope) aid to see the morphology of the particle
and, hence, it is logical to avoid unnecessary particles
in the fluid sample. Moreover, the readings on the DR
Ferrograph are taken when the fluid is still present in
the precipitator tube. A cleaner fluid, then, would further
decrease the chance of error and, hence, it may be better
that unnecessary particles be removed from the sample.
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PROPOSED TEST PROCEDURE

Based on the discussions presented so far, the following test
procedure is suggested for further investigation.

1. Prepare samples containing known contaminant concentrations.
The contaminant can be non-magnetic, magnetic or a combination
of both. Typical contaminants can be AC Fine Test Dust,
carbonyl iron, aluminum powder. Obtain density readings from
these samples using the Analytical Ferrograph and the DR
Ferrograph. Observe the deposition of non-magnetic particles
on the slide.

2. Separate the non-magnetic particles from a sample contain-
ing both non-magnetic and magnetic particles and repeat
the Ferrographic process using the separated samples (one
sample containing the magnetiZ particles and other contain-
ing non-magnetic particles). Observe the amount of magnetic
particles on the slide when the non-magnetic sample was used
and vice versa. The details regarding separation techniques
are given at the end of the paper.

3. Prepare samples from an actual wear process. This can be
economically done at the FPRC since, quite often, wear tests
are conducted on hydraulic components. Using the samples,
run the Analytical and the DR Ferrograph. Observe the density
readings as well as the morphology of the particles. Collect
the drained oil from the drain bottles and re-run these
"drained" oils for another set of Ferrographic data. The
second set of data will show whether (a) the recovery of
magnetic partic',s is complete in the first set of density
readings and (b) the recovery of non-magnetic particles
is augmented by the absence of magnetic particles in the
second set of readings.

4. Separate the original samples used in Step 3 into two samples,
one containing only magnetic particles and another contain-
ing non-magnetic particles as in Ref. [2]. Run separate
Ferrographic data for these two samples.

As is evident, the original sample fluid has to be
recovered from Step 3 for conducting this experiment. This
is done by transferring all the particles from the slides
and DR precipitator tube into the drain fluid obtained in
the second set of experiments in Step 3. Ultrasonic re-
moval of particles should be satisfactory for this process.

99



5. Collect another set of sample fluid from the wear test.
Introduce a known amount of non-metallic particles into
the fluid. Repeat Steps 3 and 4. This experiment will
reveal the effect of excessive non-metallic particles in
fluid samples.

6. Add iron oxide into a sample fluid and repeat Steps 3 and 4.
Metallic iron oxide can be ordinary rust particles for which
there cannot be any shortage. This experiment will reveal
the effect of weakly magnetic particles on Ferrography.

7. Collect a large sample (say, one litre) from a wear test.
Run the Ferrograph using fluid from this sample. Divide
the remaining fluid into 10 bottles. Keep this fluid stored
at -400 F, -300 F, -200 F, up to 400 F. One of the bottles
can be kept at room temperature. Take samples from each
of the bottles after storing for one week, two weeks, one
month, two months, four months, etc. Run the Ferrograph
using the normal techniques. Another set of samples can
be run after heating the stored fluid to 150OF. These
experiments will completely define the effect of corrosion
and chemical reaction on the fluid. Repeat Step 4 in all
these cases. It should be noted that this experimental
procedure is much more involved and very careful planning
is necessary. The purpose of its presentation here is only
to advance the basic approach to the experimentation. Table 1
shows a list of the proposed experiments.

SEPARATION OF NON-MAGNETIC PARTICLES

It was mentioned in the foregoing section that for some of the
experiments, non-magnetic particles in the fluid should be separated.
This can be achieved in several ways. The Ferrograph, by itself,
is a magnetic separator. To use a Ferrograph as a separator, run
the fluid sample over the slide again and again until microscopic

examination reveals only magnetic particles. The scheme is given
in the form of a chart in Fig. 5. It is seen that the process is
iterative and might be quite laborious. Further, in a situation
where the particles are to be separated before they are to be used
on the Ferrograph, this process is not practical. However, if the
DR Ferrograph can be designed using an electromagnet instead of
the present permanent magnet, then it could be made to work as a
separator as suggested below:

1. Run sample through modified DR Ferrograph described in the
above paragraph. The electromagnet should be energized.

2. Collect the drain.
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No. TYPE OF EXPERIMENT PURPOSE

Sample contains known Evaluate the effect of
1 contaminant-magnetic (M) standard contaminant.

or Non-Magnetic (NM).

2 Separate M and NM and To evaluate the effect
repeat the experiment of separation.

Evaluate the effect of3 Sample from wear test. actual wear particles.

4 Separate M and NM from To evauate the effect
the sample in 3. of separation.
Add known contaminant to To study the effect of

5 samples in 3 and 4 and excessive M or NM
repeat those experiments, particles in wear test.
Add iron oxide to sample To evaluate the effect

6 fluid from wear test and of weakly magnetic
repeat 3 and 4. particles.
Store sample for longer To study the effect of
periods at low chemical reaction and
temperature before corrosion on wear
experiments, particles.

Table 1. Summary of Proposed Experiments
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3. De-energize the electromagnet.

4. Pass clean fluid through the precipitator tube while providing
ultrasonic excitation to the tube.

5. Collect the fluid sample along with clean fluid, if the
Analytical Ferrography is to be conducted. If the sample
is to be used for DR or RT Ferrography, directly, pass the
fluid through the respective precipitator tubes. It is
assumed that without any iterative process, a fairly good
separation will be possible by this technique. It is thought
that some othLr techniques which are already used in industry
can be adopted for use in Ferrography. They are described
in the following pages.

Ref. [19] reviews a number of magnetic separators, some of which
could be used for the application in the Ferrography. One of the
possibilities is the use of the Davis Tube separator. Fig. [6] gives
the construction of the equipment. The magnetic particles are trapped
near the pole edges inside the tube in the equipment. Another device
which could be used is a Franz-Isodynamic separator. Fig. [7] gives
the schematic of the equipment. The operation of the equipment is
self-explanatory. This equipment is used for solid particles, but
it is thought that by suitable modification, it can be used for fluids
as well. The two output channels for the fluid flow, shown in Fig. [7],
consist of sample fluids with magnetic and non-magnetic particles.
This separator seems to be ideally suited for Ferrographic appli-
cations. Another separator which offers promise is the Jones Separator.
Fig. [8] gives the details of the equipment. After the sample fluid
has passed through the separator, metallic particles trapped in the
grooved plate should be washed out with clean fluid in this equipment.

It is not the purpose of this paper to describe the details of
the various separators and, hence, discussion about them is avoided.
It is emphasized here that, before attempting to use any particular
separator, the effect of the magnetic particles on the Ferrographic
process should be well established as per the experimentation pro-
posed in the paper.

DISCUSSION AND CONCLUSION

The Ferrographic technique has a large potential in diagnosis
and maintenance of machinery. It has been proven that, using this
technique, impending failures in machines can be predicted. It
was brought out in this paper that the non-magnetic particles in
the fluid sample can cause erroneous results in the readings es-
pecially when a real-time monitoring of a wear situation is attempted.
Based on this observation, a detailed proposal for investigation
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1 of the effect of these non-magnetic particles in the fluid sample
was presented. It was suggested that suitable separators be used

Iupstream of the Ferrograph so that only the magnetic or fairly
magnetic particles pass through the Ferrographic equipment.
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APPENDIX D

Sunmmary of Ferrographic Data
for Hydrostatic Transmission
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SUMMARY OF FERROGRAPHIC DATA

Test Ident. Test Track

Sample Location Case Drain - Pump for left wheel drive

Machine Hydrostatic Transmission

Day 3

Ferrographic Densities per ml
Test at Indicated Location
Time
(hrs) Entry 54mm 50mm 30mm Remarks

Pump
0 55.5 64.7 35.8 14.2 failure

New oil-New
1 9.4 12.2 9.4 6.1 pump/motor

2 8.0 9.7 7.5 4.6

3 5.2 9.8 8.5 4.8

4 6.5 8.5 7.2 4.5

5 5.7 7.5 5.6 4.4

6 6.4 6.8 5.6 4.1

7 4.9 6.3 5.1 3.6

8 5.0 .5.5 4.5 3.2

9 6.2 8.0 6.7 4.3

Machine down
10 8.3 9.5 7.5 6.6 30 minutes
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SUMMARY OF FERROGRAPHIC DATA

Test Ident. Test Track

Sample Location Case Drain - Pump for right wheel drive

Machine Hydrostatic Transmission

Day 3

Ferrographic Densities per ml
Test at Indicated Location

Time
(hrs) Entry 54mm 5Omm 30mm Remarks

Pump
0 72.7 87.0 45.3 15.7 failure

New oil-New
1 9.7 9.8 7.9 4.9 pump/motor

2 8.2 9.5 7.0 3.7

3 9.4 9.2 8.5 4.9

4 6.3 8.2 7.0 4.6

5 8.3 9.0 6.9 4.3

6 6.3 7.0 5.8 3.7

7 5.2 6.0 4.3 3.3

8 7.2 .8.0 6.2 3.9

9 6.6 7.2 5.5 4.3

Machine down
10 5.1 7.0 5.5 3.3 30 minutes
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SUMMARY OF FERROGRAPHIC DATA

Test Ident. Level Terrain

Sample Location Case Drain - Pump for left wheel drive

Machine Hydrostatic Transmission

Day1

Ferrographic Densities per ml
Test at Indicated Location
Time
(hrs) Entry 54mm 50mm 30mm Remarks

Taken at
C 9.5 8.9 7.5 5.2 Stillwater

Taken during
0 6.4 6.4 5.7 4.0 shake down

1 5.3 4.4 4.0 2. ._______

2 3.8 3.5 3.4 2.4

3 3.7 3.5 2.9 2.4 _______

4 3.4 3.5 2.8 2.2

5 4.2 4.0 3.1 2.1

6 3.3 2.7 2.2 1.8

7 3.2 2.8 2.6 2.1

8 3.3 2.4 2.1 1.6

9 3.3 2.5 3.0 1.6

10 3. 8 J 2.5 2.3 1.8



SUMMARY OF FERROGRAPHIC DATA

Test Ident. Level Terrain

Sample Location Case Drain - Pump for right wheel drive

Machine Hydrostatic Transmission___________

DaylI

Ferrographic Densities per ml
Test at Indicated Location
Time
(hrs) Entry 54mm 50mm 30mm Remarks

0 7.5 8.3 7.2 5.0 Taken at
________ ________ _______ _______ __________Stilliwater

0 8.4 6.1 5.0 3.7 Taken after
shake down

1 8.2 6.1 4.7 3.3

2 5.0 4.6 3.7 2.5

3 7.2 5.2 3.8 2.5

4 4.3 3.8 3.3 2.4

5 3.5 3.6 2.7 12.4

6 4.0 3.4 2.9 2.1

7 3.4 3.2 2.6 2.2

8 3.6 2.8 2.3 1.8

9 3.2 2.7 2.2 1.7

10 4.9 4.1 3.3 1.3
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SUMMARY OF FERROGRAPHIC DATA

Test Ident. Rough Terrain

Sample Location Case Drain - Pump for left wheel drive

Machine Hydrostatic Transmission

Day 2

Ferrographic Densities per ml
Test at Indicated Location
Time
(hrs) Entry 54uun 5Oumn 3Oiu Remarks

Changed oil
1 5.5 4.6 3.9 2.9 before start

2 4.1 1 3.5 3.2 3.1

Machine down
3 4.6 4.4 4.1 3.6 one hour

4 4.5 3.7 3.2 2.7 _ _____

5 3.7 3.3 2.8 2.7 _ _____

6 4.3 3.7 3.3 2.2 _ _____

7 3.5 3.5 2.8 2.2 _ _____

8-___ 3.4 3.3 272.1 _______

9 3.0 *3.1 2.7 2.1 _ _____

10 3.4 2.9 2.8 2.1 _______
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SUMMARY OF FERROGRAPHIC DATA

Test Ident. Rough Terrain

Sample Location Case Drain - Pump for right wheel drive

Machine Hydrostatic Transmission

Day 2

Ferrographic Densities per ml

Test at Indicated Location
'rime
(hrs) Entry 54mm 50mm 30mm Remarks

1 3.7 4.1 3.5 3.2 Changed oil

before start

2 3.6 3.9 3.5 3.0

Machine down
3 4.0 4.2 3.8 3.2 one hour

4 3.9 3.8 3.7 3.0

5 5.3 4.9 4.6 3.3

6 3.5 3.7 3.5 2.7

7 4.5 4.0 3.4 2.4

8 4.7 3.7 3.3 2.6

9 4.0 3.4 3.3 2.7

10 3.2 2.8 2.6 2.1

4
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